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SUMMARY 
 
In recent years, the semiconductor device size has been scaled down continuously 
according to Moore’s law and traditional semiconductor materials used for device 
fabrication have reached the limits of the fundamental material properties due to 
miniaturization.  This results in the advent of nanostructured materials which attract 
extensive interest because of their importance in the fundamental physical research but 
also of their use in optoelectronics and nano technology.  Naturally these materials are 
prone to defects due to presence of impurities intentionally or unintentionally.  A 
systematic micro or nano scale characterization approach is essential to understand the 
material properties of complex hetero structures and physics behind them.   
Simultaneously new characterization tools capable of analyzing the material properties 
are being developed.  The new characterization tools include scanning probe microscopy 
(SPM) techniques such as atomic force microscopy (AFM), high resolution transmission 
electron microscopy (HRTEM) and high resolution scanning electron microscopy 
(HRSEM), luminescence techniques such as scanning near field optical microscopy 
(SNOM), photoluminescence (PL) and cathodoluminescence (CL) techniques.  Among 
these techniques, luminescence measurement technique is the most sensitive non 
destructive technique for characterization of defects and to study the local electronic, 
structural and optical properties of such materials.  PL technique has a limitation on its 
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technique with additional features such as temporal & spectral measurement capability 
enable it as a powerful tool to obtain the dynamic, spectral and spatial information that 
determines the optical properties of the nanostructured material. 
The main objective of this research work is to design and build a new time-resolved CL 
measurement system to overcome the limitations of other systems developed previously 
by other researchers and to prove its usefulness in the characterization of nano structured 
materials.  In this work, a time-resolved cathodoluminescence (TRCL) system with 
spectral capability is developed with a spatial resolution of 100 nm and temporal 
resolution of 750 ps.  The usefulness of the system demonstrated that the TRCL is a 
unique characterization technique to study the carrier dynamics and luminescence 
properties of the semiconductors.   
TRCL measurements are performed on compound semiconductor materials such as 
GaAsP and InGaN quantum structures.  A commercial LED is used as a specimen to 
study the optical properties of GaAsP material.  The enhancement on the spectral 
capability over the current static CL system is demonstrated by performing a 
simultaneous acquisition of the spectral information.  The minority carrier lifetime of the 
GaAsP material is determined and also the recombination mechanisms are studied.  The 
application of TRCL technique is demonstrated in studying the surface recombination 
mechanisms in a semiconductor.  The usefulness of the TRCL technique in defect finger 
printing is also demonstrated by studying the decay behavior and the underlying 




  ix 
performed to study the multiple recombination events taking place at different time 
intervals. 
InGaN/GaN quantum dots (QDs) are grown at different growth conditions to study the 
impact of the indium pre deposition prior to QD growth, TMIn flow rate and growth 
temperature on the luminescence efficiency of the QDs.  The presence of threading 
dislocations (TDs) is studied and its characteristics due to varying growth conditions are 
also discussed.  TRCL measurements are performed at the “V” defect location and 
confirmed that TDs act as nonradiative recombination centers.  The impact on optical and 
structural properties of the InGaN/GaN QDs due to indium compositional homogeneity is 
studied.  The indium surface segregation at the well/barrier interface is studied and the 
effect of interfacial abruptness on the luminescence efficiency was also measured.  The 
optimal growth conditions to grow InGaN QDs with broad spectral emissions with high 
luminescence efficiency are determined using TRCL as a one of the material 
characterization techniques. 
Lastly, modifications required to improve the performance of the TRCL system in terms 
of spatial, spectral and temporal resolution are proposed since these enhancements are 
mandatory to study the optical and structural properties of the ultrafast optoelectronic 
materials.  Therefore this research works confirms that a high performance TRCL system 
is complementary to the existing characterization techniques and provides useful 
information for failure analysis in semiconductor research and development. 
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Compound semiconductors formed by combining elements such as aluminum (Al), 
gallium (Ga) and indium (In) with the elements such as phosphorous (P), arsenic (As) 
and antimony (Sb) are termed as group III-V compounds. The electronic and optical 
properties of these compound semiconductors are altered by changing the elemental 
composition to make modern semiconductor devices.  There are many group III-V 
compound semiconductors with bandgaps greater than 1.7 eV and termed as wide 
bandgap materials [1,2].  Wide bandgap material is well suited for fabrication of optical 
devices such as light emitting diodes (LEDs) and lasers from ultraviolet (UV) to far 
infrared (IR) range and for high temperature, high frequency and high power electronic 
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devices such as high electron mobility transistors (HEMTs) and heterojunction bipolar 
transistors (HBTs).  
Among the group III-V compound semiconductors, gallium arsenide (GaAs), indium 
phosphide (InP) and their related compounds have been in use for a few decades and 
numerous proven growth technologies have been developed to fabricate high purity 
material which is necessary for any high performance device [3].  On the other hand  
group-III nitride semiconductors have tremendous potential due to their superior 
uniformity, controllability, lower cost and also their accessibility in short wavelength 
range (200-600 nm) [4].   
It is a major challenge to grow a high quality nitride crystal, mainly due to the large 
lattice and thermal mismatches between GaN epitaxial layer and the sapphire substrate.  
There are many important breakthroughs in the development of extremely high quality 
crystalline GaN [5,6], AlGaN [7], InGaN [8,9] and their heterostructures [10,11] free 
from defects and surface cracks.  The presence of defects and surface cracks affects the 
electronic and optical properties of the devices.  Also a technique for controlling doping 
concentration for both n-type [12] and p-type [13,14] GaN has been developed.  Recent 
achievements on optical and carrier confinement by using heterostructures and bandgap 
engineering with alloys as the active layer [15] have created further interest in the 
technology.  All these achievements led to development of devices like GaN diodes [16], 
GaN HEMT [17], InGaN laser [18], pyroelectric and piezoelectric devices [19], UV 
LEDs and photo detectors [20], GaN-based high voltage heterostructure field effect 
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transistors (HFETs) and bipolar junction transistors (BJTs) [21], surface acoustic wave 
and acousto-optic devices [22] and terahertz (THz) plasma wave electronics devices [23].   
Many researchers have succeeded in growing high quality GaN semiconductors, 
improved the electronic and optical properties of GaN other than the crystalline quality 
[24].  Simultaneously GaN based quantum size devices with superior performance are 
developed for expansion in to device applications of modern world.  In a related activity, 
measurable progress is also made in the development of material characterization 
techniques to support the fast developing GaN material growth technology.   
Recently, there has been an increased interest in understanding the properties of group 
III-V compound semiconductors by investigating the underlying fundamental fast 
microscopic processes.  Fundamental microscopic processes include momentum and 
energy relaxation, carrier-carrier scattering, inter-valley and intra-valley scattering, 
optical phonon scattering and carrier diffusion.  All these processes happen on an ultra 
fast time scale and understanding of these processes is essential to develop a high speed 
device of interest. There are many characterization techniques such as Spectroscopy, 
Luminescence techniques, X-ray diffraction, Microscopy, etc used to study the electronic 
and optical properties of group III-Nitride compound semiconductors.  Among these 
techniques, a lot of motivation on the luminescence technique has been noticed due to its 
ability to probe the material at microscopic size and study the emissions simultaneously 
in multiple dimensions such as spectral, temporal and spatial scale.   
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Luminescence measurements in group III-V are mainly focused only on 
Photoluminescence (PL) and Cathodoluminescence (CL) technique.  PL is generally 
employed to study the spectral characteristics of compound semiconductor materials at a 
macroscopic level due to the limitation of the excitation volume.  In this method, a laser 
excites the sample and emissions are analyzed.  In order to excite the sample with a 
smaller excitation volume and to analyze the emissions on a microscopic scale, the 
electron beam is used as excitation source and this technique is termed as CL.  Emissions 
from the both techniques are studied on a time scale and referred to as time-resolved PL 
and CL, respectively.  Sometimes these techniques are also referred to as dynamic or 
transient PL and CL respectively.  Time-resolved CL technique is an emerging and useful 
characterization technique to study the electronic and optical properties of the group III-V 
semiconductors.  This research work is focused on the development of a novel time-
resolved CL system and to demonstrate the usefulness of such a technique in group III-V 
semiconductor characterization. 
1.2 PHOTOLUMINESCENCE 
Photoluminescence is a contactless, non-destructive method of probing the electronic 
structure of the semiconductor materials.  Photons are directed onto the material and 
electron-hole (e-h) pairs are generated as a result of excitation.  This process is termed as 
photo-excitation.  The radiative recombination of the generated e-h pair’s result in 
emission of light or luminescence and this is referred to as photoluminescence.  The 
intensity and spectral content of this luminescence is a direct measure of various material 
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properties.  The PL intensity gives a measure of the relative rates of radiative and non-
radiative recombination, which depend in turn on the density of non-radiative interface 
states.  The PL spectrum provides the transition energies, which can be used to determine 
the electronic energy levels.  PL experimental setup is simple and versatile, and consists 
of a laser or diode, acting as an excitation source, and an optical detector or spectrograph.  
A typical experimental setup for PL measurements is shown in Fig 1.1.   
 
Fig 1.1 Typical experimental PL measurement setup  
The excitation energy and intensity are the important parameters to be considered in PL 
measurements because of their direct impact on the PL signal.  Since the excitation 
energy determines the absorption in the material, the penetration depth depends on the 
excitation wavelength.  Penetration depth is a measure of the thickness of the layer that is 
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recombination behaviors of the material.  In most applications, a simple and inexpensive 
helium neon (HeNe) diode or laser is used as an excitation source since its energy 
exceeds the bandgap energy.  However in demanding experiments, the laser is chosen 
according to the requirements of the penetration depth which is of interest or to excite a 
particular species in the material [25].   
On the other hand, the control of excitation intensity in PL experiment is more important 
than the excitation energy since the excitation intensity controls the density of photo 
excited electrons and holes.  The recombination mechanism of these carriers has a 
distinct functional dependence on carrier density.  Under low excitation conditions, the 
photo-excited carrier density is low and measurement is dominated by discrete defect and 
impurity sites at the interfaces and within the bulk of the material.   
1.2.1 PL ADVANTAGES AND LIMITATIONS 
PL analysis is a powerful tool in the characterization of surfaces and interfaces.  
Interfaces are increasingly important in new optoelectronic materials where layered 
structures are becoming thinner and more complex.  There are number of experimental 
techniques available for studying detailed structural information about the interfaces.  
However the optoelectronics industry needs interface investigations which are directly 
related to the electronic and optical properties of the materials.  PL technique is one such 
technique that explores electronic features directly.  PL experimental procedure is also 
simple and requires a simple excitation or detection schemes compared to other 
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luminescence measurement techniques.  PL measurement is easy to use since it is less 
stringent on beam alignment, surface flatness and sample thickness.   
PL measurements are not sensitive to the pressure in the specimen chamber and 
measurement is performed at any temperature.  These features make PL an excellent in 
situ probe for surface or interface analysis. PL signal is dependent on external parameters 
such as temperature and applied bias, hence additional information on the nature of 
interfaces is obtained.  PL is also used to study any surface in any environment and hence 
it can be used to monitor the changes introduced to the surface by modifications in real 
time.  Since PL measurement does not rely on electronic excitation or detection, sample 
preparation is minimal.  This feature enables the study of materials having poor 
conductivity or undeveloped contact/junction. 
The simplicity of the PL technique that provides the above advantages also limits its 
usefulness in semiconductor material characterization.  Indirect bandgap semiconductors 
have inherently low PL efficiency.  Non-radiative recombination dominates the 
relaxation of the photo-excited carriers in these materials.  It may not be possible to 
identify directly the non-radiative traps via PL but their signature is evident in several 
types of PL measurements.  Another shortcoming of PL is the difficulty in estimating the 
density of interface and impurity states.   PL spectrum shows relative peaks of the 
presence of these states when they are radiative; however measuring the absolute density 
of these states needs an exhaustive analysis.   
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Spatial resolution of the PL measurement is a limiting factor when it comes to 
characterization of quantum structures.  The spatial resolution in a PL scanning 
application is dependent on surface area, scan time and the diffraction limit of the 
incident photon.  However in a PL measurement, the spatial resolution is limited by the 
diffraction limit and best achievable resolution is in the order of 1 mµ  under best 
experimental conditions.  When the laser is focused on a surface the minimum spot size is 
determined by the diffraction limit, which is approximately equal to the laser light 
wavelength.  In the analysis of semiconductors, the excitation energy must exceed the 
bandgap which usually corresponds to wavelengths in the visible or near infra-red region.  
Hence the diffraction limited spot size is of the order of 1 mµ .  On the other hand, the 
excitation energy had direct impact on the PL emissions.  Therefore it is a challenging 
task to vary the excitation energy and keep the spatial resolution to its best resolution in a 
PL experiment.  Measuring the continuous-wave PL intensity and spectrum is quick and 
straightforward compared to the time-resolved PL which is more challenging, especially 
if recombination process are fast.  Instrumentation for time-resolved PL detection can be 
expensive and complex. 
Alternative luminescence probing technique is sought to address the limitations of the 
PL.  Cathodoluminescence (CL) is one such technique with a spatial resolution in order 
of few nm and with an ability to control the excitation energy and intensity.   
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1.2.2 PL APPLICATIONS 
PL signal depends on the nature of photo-excitation.  The initial excitation state and 
penetration depth is determined by the excitation energy.  PL often originates near the 
surface of a material; this technique serves as an important characterization tool for 
surface analysis.  PL is sensitive to the discrete electronic states, many of which lie near 
the surface and interfaces.   Using this technique, the nature of these states can be probed 
in detail.  This approach has been used to study the surface layer of a material and results 
show that when the surface structure is poor, the PL spectrum changes with increasing 
excitation energy, the strength of defect related lines increasing relative to bulk features 
[26].  Furthermore the authors found that the PL spectrum of a high quality surface is 
independent of excitation energy.  Variable excitation energy is used to study the 
intensity of light emission at a fixed wavelength as a function of the incident excitation 
energy.  This technique is termed as Photoluminescence excitation spectroscopy (PLE).  
PLE spectroscopy technique is used to obtain spectral information on excited states by 
collecting the low energy emission while tuning the excitation energy across higher 
energy states.   The PL signal is enhanced when the excitation energy is resonant with an 
excited state.  PLE is used to study multiple quantum well (MQW) samples and PL 
spectra shows two sharp PL peaks, which are related to recombination in regions where 
the quantum well (QW) thickness differs by exactly one atomic monolayer.  PLE is used 
to test whether excitation at the higher energy peak yields emission from the lower 
energy peak and to confirm the presence of thermalization between the two regions [27].   
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The energy distribution and density of interface states are determined by studying the 
excitation intensity dependence of the PL spectrum. When the carrier density is low, 
defect and impurity centers at the interfaces and within the bulk of the material dominate 
the recombination process.  Under intermediate excitation, the discrete states are filled 
and bulk radiative recombination plays a greater role.  At the highest carrier densities, a 
three particle Auger recombination becomes important.  The transition between low 
excitation and high excitation condition is the most important because it depends on the 
density of defect and impurity sites. PL technique with varying excitation intensities is 
used to study interface recombination, as the performance of many optoelectronic devices 
is limited by interface recombination.  The reduction of interface recombination velocity 
is achieved by a technique called surface passivation.  The reduced interface 
recombination velocity results in high quality abrupt interface which is required for 
superior device performance.  Qualitative evaluation of surface passivation is straight 
forward in PL measurements, since an increase in the PL signal indicates a decrease in 
non-radiative interface recombination.  However quantitative information on surface 
recombination velocity requires more sophisticated techniques, many of which are 
dependent on PL excitation intensity.  This feature is used to study a series of double 
heterostructures and results indicate the PL signal is usually linear with excitation 
intensity in most of the samples.  However some samples showed super linear 
dependence under intermediate excitation indication a transition between non-radiative 
and radiative recombination regimes.  The lack of such a transition in the other samples 
suggests that radiative recombination dominated in all excitation levels [28]. 
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The peak positions in the PL spectrum are used to determine the energy level structure of 
a system.  Defects and impurities break the periodicity of the lattice and perturb the band 
structure locally.  The perturbations are characterized by discrete energy levels that lie 
within the bandgap.  When the temperature is low, the photo-excited carriers will be 
trapped at these states.  If these carriers recombine radiatively, the energy of the 
emissions can be analyzed to determine the energy of the defect or impurity level.  
Shallow levels which lie near the conduction or valence band edge, are more likely to 
participate in radiative recombination, but the sample temperature must be small enough 
to discourage thermal activation of carriers out of the traps.  Deep levels tend to facilitate 
non-radiative recombination by acting as intermediate state for the photo-excited carriers 
transit between the valence and conduction bands.  Thus PL technique is a very sensitive 
and selective probe of discrete states which are radiative.  In addition to identifying 
discrete states, PL peak positions are also used to evaluate the composition of 
semiconductor alloys.  Here the energy of the band edge emission is correlated with the 
composition dependent bandgap of the alloy.  This application is useful in interface 
analysis where atomic inter-diffusion leads to interface alloying.  The other features such 
as line widths and splitting in the PL spectrum, provide important information on QW 
interfaces.  The QW structures are sensitive to interface roughness because fluctuations 
as small as one atomic monolayer can alter the carrier confinement energy considerably.  
When the QW thickness varies substantially within the samples region, general 
broadening of the PL spectrum is observed.  In samples with higher quality interfaces, 
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variation in the QW thickness is limited and recombination in different regions yields 
sharp, well resolved peaks in the PL [29].   
Under the continuous wave excitation in a PL experiment, the system quickly reaches a 
steady state.  The rate of excitation equals the rate of recombination and the photo excited 
carrier density is constant in time.  However if the material is excited by a series of short 
laser pulses, the photo-excited carrier density depends strongly on time, because the laser 
pulse can be much shorter than the average recombination time.   The photo excited 
carriers then recombine at a rate that is characteristic of the recombination path they 
follow.  This technique is referred to as time-resolved PL (TRPL) measurement and is 
used to determine carrier lifetimes, and to identify and characterize various 
recombination mechanisms in the material.  The experimental setup required for time-
resolved PL depends on the desired resolution but the most common detection scheme is 
time-correlated single photon counting technique [30].  Pulsed laser systems yield very 
high time resolution in order of femtoseconds.  Such high resolution is required to study 
the ultra-fast recombination kinetics in a heterostructure [31].     
1.3 CATHODOLUMINESCENCE  
In recent years there has been continuous scaling down of device dimensions, for instance 
in case of quantum devices to use in photonic and high speed electronic applications 
require the active device dimensions from 1 to 10 nm.  As a result, the need for non-
destructive techniques with the ability to probe the electronic and optical properties of 
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very small volumes in modern semiconductor devices is of great interest.  Among the 
characterization techniques such as PL, Transmission Electron Microscopy (TEM) and 
Scanning Electron Microscopy (SEM), CL has reached a certain maturity in the non-
destructive assessment of electronic and optical properties of semiconductors with high 
spatial and spectral resolution [32].   
Semiconductors are also excited by an electron beam in a scanning electron microscope 
and luminescence emissions are analyzed, termed as CL.  CL is a highly sensitive non-
contact and non-destructive characterization technique to determine the electronic and 
optical properties of semiconductors.  CL is also performed sometimes in a scanning 
transmission electron microscope (STEM).  In both cases, the highly focused beam of 
electrons is directed onto a sample and light is emitted due to recombination of generated 
e-h pairs.  This process is termed Cathodoluminescence.  The CL emissions are collected, 
analyzed and results are a direct measure of the electronic and optical properties.   The 
CL emissions are strongly dependent on many factors such as material properties, 
electron beam energy and defect centers [33].   
1.3.1 CL ADVANTAGES AND LIMITATIONS 
In CL measurements, the optical emissions occur inside an SEM, therefore there are 
some advantages with respect to PL.  The electron beam in a CL measurement can be 
focused to a very small spot size (1-100 nm) with the possibility to scan the sample 
surface.  This is a first advantage of CL and results in a map on a sub micrometer scale of 
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the intensity variations of the optical transitions.  Therefore the spatial resolution in CL 
technique is limited by the electron specimen interaction volume in defect free sample 
and is as good as 10-20 nm, provided the beam diameter is small enough.  This feature is 
used to study the spatial distribution of optical transitions from quantum structures [34] 
The second advantage of CL is its ability to probe the material at different penetration 
depths by varying the electron beam acceleration voltage in SEM.  This enables one to 
selectively collect CL emissions presenting optical transitions coming from different 
zones of the material.  This is valid if the bandgap of upper layer is larger than the 
bandgap of the underlying layers [35].  This feature is also used for characterization of 
carrier profiles, surface and bulk deep states and interfaces.  The broad energy range of 
the electrons is used to excite wide bandgap materials such as group III-nitrides which is 
not easily excited by conventional optical means. 
The third advantage of CL is its ability to acquire monochromatic imaging or analysis of 
selected emissions with high spatial resolution.  This allows the analysis of the different 
mechanisms in the study of the onset and propagation of non-radiative recombination 
centers such as dark areas and dark line defects [36]. 
The higher intensity and brightness of the CL emissions is one of the main advantages of 
CL over other luminescence techniques in semiconductor characterization.  The 
maximum quantum efficiency of PL i.e., the number of PL photons/incident photon is 1.0 
and high PL intensity is obtained as the luminescence centers are excited with the intense 
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excitation light.  On the other hand, the quantum efficiency of CL is approximately 310  
[37]. 
CL experimental set up is complex, expensive and besides the cost, a stable setup is 
required for precise analysis.  The tuning of the system usually takes longer and 
measurement is sensitive to pressure and temperature in the chamber.  Another key 
drawback is the charging effect due the electron excitation in non conducting samples in 
semiconductor analysis.  This requires time consuming sample preparation which 
involves specimen cleaning, polishing and conductive coating.   Any prolonged high 
energy electron beam excitation results in damage to samples.    
1.3.2 CL APPLICATIONS 
Cathodoluminescence technique is useful for examining low-dimensional semiconductor 
quantum structures [38].  Although direct semiconductors such as GaAs or GaN are most 
easily examined by these techniques, indirect semiconductors such as silicon is also 
examined, whose emissions are weak.  There are two categories of CL applications, 
namely microscopy and spectroscopy measurements.  CL microscopy measurement 
includes CL imaging, both panchromatic [39,40] and monochromatic modes [41,42] and 
CL spectroscopy includes depth-resolved CL and time-resolved CL.  A spectrum 
corresponding to a selected area of the sample is used to determine the carrier 
recombination kinetics [43].  Time-resolved CL is further discussed in the next section. 
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CL panchromatic imaging mode is frequently used to study the electrically active defects 
in semiconductors.  CL panchromatic image is constructed by collecting the CL 
emissions of all wavelengths.  CL emission is generally dominated by the fundamental or 
edge emission.  This is band-to-band edge recombination radiation, whose photon energy 
is equal to the bandgap energy.  At sufficiently low temperatures the excitons are not 
thermally disrupted, much or all of this may be found to be due to exciton recombination 
whose photon energy is less than the bandgap energy.  Recombination through shallow or 
deep levels associated with defects occurs with photon energies lower than bandgap 
energy.  The minority carrier lifetime is reduced due to the increasing defect density.  
Therefore recombination is enhanced due to dislocations and in CL imaging of defects; 
contrast is due to this enhanced recombination at irregularities in the crystal.  
Dislocations in the CL mode appear as dots (e.g. threading dislocations) or as lines (e.g. 
misfit dislocations).  CL contrast includes the dislocation core effect which is due to the 
inherent structure of the dislocation and also the Cottrell atmosphere, point defects 
around the dislocation [44].  Several different forms of dislocation contrast such as dark 
dot, bright dot and, dot and halo contrast have been observed in CL imaging.  If the 
increased recombination at a defect is non-radiative, it reduces the intensity of the 
panchromatic emission.  Such a defect is darker than the surroundings in panchromatic 
CL image and described as dark contrast.  Conversely if the defect recombination is 
radiative, the dislocation will appear in bright contrast in monochromatic CL image 
recorded using the wavelength emitted by the defect.  Such a defect appears as bright 
contrast in monochromatic CL image.  The dot and halo contrast is mainly due to 
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variations in the doping concentration around dislocations.  This was confirmed by 
studying the CL images of Te-doped GaAs, where the CL images show dark dot contrast 
surrounded by bright halos [45].    
The CL wavelength imaging (CLWI) mode is an extension of CL imaging capability and 
is a powerful tool to analyze the distribution and nature of dislocations in semiconductor 
quantum structures.  CLWI is also sometimes referred to as CL spectroscopy and 
involves recording of a CL complete spectrum ( λ ) at each point (X,Y) within a two 
dimensional (2D) map.  The three dimensional (3D) CL data set or spectral image is 
analyzed using a variety of visualization or numerical tools to extract the dependencies or 
variations not obtainable using individual spectra or panchromatic imaging [46].  It is 
also possible to record various intensity images (I( nλ , x, y)) at pre-selected detection 
wavelength nλ and lateral mapping of peak wavelengths maxλ (x,y) within pre-selected 
wavelength intervals.   CLWI also allows the acquisition of the complete spectrum at 
various locations at various magnifications of the sample.  The spectroscopic data 
provides information on localized states [47], deep level defects [48] and band structure 
of new compound materials [49].  CLWI was applied to estimate the carrier concentration 
and stress in GaAs metal-semiconductor field-effect transistor [50].  CLWI was also 
applied to study the oval defects in InGaAs/GaAs strained-layer hetero structures.  It was 
found that the peak obtained from CL spectrum due to the luminescent halo shifts to 
lower wavelengths as the beam is moved from the center of oval defect to the edge of the 
halo region, indicating a decreasing gradient of indium concentration [51]. In another 
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application, structural and luminescence properties of uncapped GaN dots grown by self 
assembly on AlGaN barriers, on 6H-SiC substrates were investigated using CLWI [52].  
In another CLWI application, CL in-depth spectrum (CLIS), a plot of CL intensity vs. 
acceleration voltage, has been obtained to resolve layered structures and unexpected 
interface related peaks observed from a buried InGaP/GaAs hetero interfaces sample 
[53]. 
The most important application of CL is based on its ability to differentiate between 
surface and bulk phenomena.  This mode of application is referred as depth-resolved CL 
mode which allows probing different sample depths by varying the excitation electron 
beam energy.  Depth resolved CL was used to study the ion implantation damage in 
GaAs [54], the effect of surface recombination velocity [55], carrier diffusion length and 
luminescence dead layers [56] and observations of process induced changes in the 
electronic structure of the surface [57].   CL depth profiling is used in a variety of 
circumstances as the generation depth can be varied from nanometers to micrometers.  
Some of the applications are selective excitation of multiplier quantum well layers [58], 
and visualization of defect propagation through epitaxial layers [59].  Quantitative 
analysis based on CL depth profiling includes estimation of surface recombination 
velocity or carrier diffusion length [60].   
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1.4 TIME RESOLVED CATHODOLUMINESCENCE  
The ability of the CL technique to probe a nano-structured material with high spatial 
resolution makes it a useful characterization tool to study the temporal behavior of 
semiconductors.  The major disadvantages, such as limited spatial resolution and the 
inability to excite a large bandgap material in TRPL technique, are overcome in CL 
technique.  One of the major application of CL is the Time-resolved CL (TRCL) 
technique which has been widely used to investigate the non-equilibrium carrier 
dynamics in semiconductors which has time resolution of picosecond and sub picosecond 
scale.  For instance, the determination of minority carrier lifetimes from CL decays 
provides a quantitative basis for evaluation of material quality.  CL lifetime 
measurements performed in conjunction with imaging can assist in the interpretation of 
CL contrast. 
In TRCL experiment, the excitation electron beam is blanked to create a pulsed excitation 
in the material.  The temporal information is obtained during the decay of the 
luminescence only, with a temporal resolution of few hundreds picoseconds.  In addition, 
some modifications are required in the light collection system for TRCL measurements to 
improve the temporal resolution. The details of the TRCL experimental setup is discussed 
in Chapter 3.   
Advantages of time-resolved CL system in comparison with a time-resolved PL system 
with similar time resolution, are as follows [61].  (1) The depth resolved capability of the 
Chapter 1 Luminescence Techniques 
_____________________________________________________________________ 
 
  20 
electron beam excitation allows predominantly surface or bulk excitation, (2) the 
excitation pulse width can be varied by several orders of magnitude without affecting the 
pulse rise and decay time and therefore the temporal resolution of the system does not 
depend on the pulse width, (3) scanning CL decay measurements can be used for carrier 
lifetime mapping. 
There are numerous applications of TRCL in semiconductor material characterization.  
Minority carrier lifetime is a basic material property that is associated with the 
fundamental recombination mechanism in semiconductor materials. The most important 
experimental technique for direct evaluation of carrier lifetime is based on the study of 
the decay or modulation behavior of the excited excess carriers, excited either by 
electrons or by photons. In TRCL technique, this can be derived from CL decay 
measurements provided that the collective collapse of the excess carriers is controlled by 
recombination processes [62].  This assumes that the temporal dependence of the CL 
intensity reflects the rate of excess carrier collapse.  The CL decay measurement yields 
an effective lifetime due to radiative and non radiative processes which are usually 
related to the minority carrier lifetime.  TRCL technique was used to determine the 
impurity capture cross-section based on the transient behavior of the spectral features in 
the CL emissions [63].  TRCL imaging and spectroscopy were also used to measure 
exciton diffusion velocities in quantum islands [64] and capture times in quantum wires 
[65]. 
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1.4.1 TIME RESOLVED CL NEEDS AND MOTIVATION 
In recent years, the applications for semiconductors continue to proliferate and becoming 
increasingly diverse.  This means semiconductor industry must constantly innovate in 
different disciplines such as new materials, device structures, fabrication processes and 
integrated circuit design.  The increasing use of compound semiconductor materials in 
heterostructures for novel device fabrication presents new physical concepts.  Device 
structure miniaturization revolutionized the development of new characterization tools 
and techniques to study the properties of micro-sized and nano-sized structures.   The 
growing diversity of the semiconductor industry as a whole demands a more diverse set 
of characterization techniques. One of the major requirements for the characterization 
techniques is to acquire large data sets to select appropriate materials, to characterize 
device designs and to tweak production processes.  This means the characterization tools 
must acquire this huge amount of data quickly and accurately and then turn it into the 
material, device and process knowledge that they need to bring new devices to the market 
faster.  Much of the research is directed towards quantum information processing that 
enables the study of electronic and optical properties of semiconductors. 
Among the characterization techniques used to study the surface morphology of nano 
structures, there are lot developments in Scanning Probe Microscopy (SPM), Atomic 
Force Microscopy (AFM), Scanning Near Field Optical Microscopy (SNOM) etc.  These 
techniques provide high spatial resolution in sub nanometer scale. Picosecond and 
femtosecond spectroscopy analysis allow the detailed study of carrier dynamics in nano 
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structured materials.  Minority carrier lifetime is one of the basic material properties in 
semiconductor materials and is an important property to study micron-scale evaluation of 
the relaxation behavior in semiconductors [66].    The minority carrier lifetimes of many 
semiconductors are in the nanosecond and sub-nanosecond region, as for example in 
highly doped GaAs specimen [67,68], so that the required time resolution of the 
measuring system must be in the sub-nanosecond range for the achievement of reliable 
results on such materials.  The study of lifetime changes near the vicinity of the 
dislocation requires a lifetime measurement technique, which provides high spatial and 
high temporal resolution simultaneously.  The most important experimental techniques 
for direct evaluation of carrier lifetimes are based on the study of the decay or modulation 
behavior of the excited excess carriers, either excited by electrons or by photons.  In 
optical techniques such as TRPL, a laser pulse normally excites the nano structure and 
emissions are analyzed.  As discussed earlier, the spatial resolution of TRPL 
measurement is often limited by diffraction, even though it has very high temporal 
resolution in order of femtoseconds.  Such very high temporal resolution is essential for 
studying nano-structures since luminescence phenomena in such structures often occur on 
picosecond to femtosecond time scales.   Therefore an ideal characterization tool must 
have high spatial and temporal resolution to study the physical properties of the nano-
structured semiconductor.  Time-resolved CL measurement in SEM is the most important 
experimental technique for direct evaluation of carrier lifetimes in a semiconductor.  This 
technique also offers complementary data such as secondary electron (SE) images, CL 
images etc.  The multimode imaging capabilities of the electron microscope enable the 
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correlation of optical properties with surface morphology at nanometer scale.  TRCL 
characterization technique is also a powerful contactless, non-destructive technique to 
analyze multilayered semiconductor materials.   
However, most of the research efforts had been focused on qualitative analysis using 
CLWI and depth-resolved CL techniques.  Time-resolved CL work is hampered by a lack 
of measurement system with high spectral, spatial, and temporal resolution.  As little 
efforts have been made in developing a TRCL experimental setup that will provide very 
high spatial and temporal resolution, there are not many systems which are economical, 
simple and deliver high performance.  TRCL setup needs several modifications to the 
SEM to provide temporal information.  The modification includes the beam blanking, CL 
collection, light detection system and complex data analysis unit.  This current state of 
TRCL measurement system motivates to develop a novel TRCL system which is 
economical and provides high spatial and temporal resolution.  
1.5 OBJECTIVES AND SCOPE OF THESIS 
One of the main objectives of this research work is to develop a time-resolved 
cathodoluminescence system with spectroscopy features and to complement the existing 
static CL measurement system at the Center for Integrated Circuit Failure Analysis 
(CICFAR), National University of Singapore (NUS).  The major advantage of time-
resolved CL measurements is the ability to evaluate micron-scale relaxation behavior in 
semiconductor and optoelectronic materials.  The developed system is used to study the 
Chapter 1 Luminescence Techniques 
_____________________________________________________________________ 
 
  24 
optical and structural properties including the carrier relaxation kinetics in GaAsP LEDs 
and GaN/InGaN quantum dots.   
Chapter 2 discusses the theory of light emission process in semiconductors and physics of 
CL.  This chapter also discusses the various CL instrumentation techniques and their 
development. The application of CL technique in semiconductor characterization is also 
presented in this chapter.  
Chapter 3 explains the principle of TRCL measurement and carrier relaxation kinetics in 
a semiconductor.  This chapter also includes the various techniques being used for TRCL 
measurement and instrumentation required for a TRCL measurement.  This chapter 
discusses the application of TRCL technique in semiconductor characterization. Lastly 
the limitations of TRCL techniques and considerations to be made are discussed while 
applying this technique for semiconductor material characterization. 
The design and implementation of the proposed TRCL system are presented in Chapter 4.  
The performance improvements of the TRCL system against the existing CL system at 
CICFAR for static CL measurements is presented and discussed.  This chapter also 
discusses the system alignment and calibration requirements for stable operation. 
The performance and application of the proposed TRCL system demonstrated by 
characterization of GaAsP LED is described in Chapter 5.  The properties and defect 
characterization results are presented and discussed in this chapter.  The usefulness of 
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TRCL system in semiconductor material characterization and determination of carrier 
lifetime is presented in this chapter. 
In Chapter 6, the optical and structural properties of GaN/InGaN quantum dots (QDs) are 
studied and carrier dynamics are probed by using the proposed developed TRCL system. 
The optimum growth condition for QDs is proposed to grow high luminescence 
efficiency QDs with broad spectral emissions. This chapter also explains the 
complementary role of the TRCL technique with other material characterization 
techniques to study the optical and structural properties of the materials. 
Chapter 7 provides the conclusions on the research work and also recommendations for 
further work in this area.  Some of the important changes required in electron gun 
assembly, photon collection system, photon detector and low temperature measurements 
to improve the system performance are discussed in detail. 
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The usefulness of Cathodoluminescence system in semiconductor characterization is 
discussed.  The emission process phenomenon in a semiconductor is presented and 
luminescence phenomena such as intrinsic and extrinsic emissions are discussed.  The 
physics of CL signal formation and its dependence on the recombination process is 
explained.  The effect of minority carrier lifetime on the semiconductor material 
properties and its dependence on the recombination kinetics is presented.  The 
instrumentation setup required for CL measurement and its developments are discussed.  
The different detection modes of CL measurement such as imaging capability, sequential 
and simultaneous mode of spectral measurements are explained.  The requirements for 
stable operation of CL system are presented.  The applications of CL measurements in 
semiconductor characterization are discussed and some important applications such as 
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study of quantum structures, study of compositional variations in InGaN epitaxial layers, 
and study of optical and structural properties of GaN, dots are presented.  The ability to 
obtain the depth-resolved information is discussed and its application in studying 
InGaP/GaAs multilayer heterostructure is presented. 
2.1 INTRODUCTION 
Emission of the light in visible, ultraviolet or infrared wavelengths region upon electron 
beam excitation is termed as cathodoluminescence and the emitted light provides useful 
information on the properties of the material [69].  Radiative recombination occurs by 
transition between an electronic state near the bottom of the conduction band and a hole 
state near the top of the valence band, where those states are associated with exciton and 
impurity states.  This process is similar to other luminescence technique such as 
photoluminescence (PL) where excitation is by ultra-violet (UV) or visible light and 
electroluminescence (EL) where excitation is by electrical stimulation.  Under an electron 
probe excitation of a semiconductor, a variety of useful signals are generated.  Some 
primary electrons are absorbed in the bulk of the material, and will dissipate their energy 
in various electronic excitations leading to the emission of characteristic X-rays, 
generation of e-h pairs, the generation of Auger electrons and thermal effects.  This 
process is shown in Fig 2.1.  The generated e-h pairs recombine radiatively to emit 
photons that provide information on fundamental properties of the material. 
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Fig 2.1 Schematic diagram on types of signal due to electron beam interaction  
Recently CL has demonstrated great potential for characterization, failure analysis and 
reliability study of semiconductors [33,34,70-72].  The details of the applications are 
further discussed in section 2.4. 
2.2 LIGHT EMISSION PHENOMENA 
Energy in the form of light is given off when certain form of energy is supplied to a 
semiconductor due electronic transitions between states in the conduction or valence 
bands and those in the bandgap of the material due to, for example donors and acceptors.  
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described in terms of radiative recombination of e-h pairs.  Luminescence process is 
classified based on the source of excitation of the semiconductor. They are referred as 
photoluminescence (photon excitation), cathodoluminescence (electron excitation), 
chemiluminescence (energy supplied by chemical reaction) and electroluminescence 
(electrical stimulus).  The energy or the wavelength of the emitted photon is given by: 
  νh  = λch  = IF EE −      (2.1) 
whereh is the Planck’s constant, ν is frequency, c is the speed of light, λ is the 
wavelength, FE is the energy of the state after the transition, IE is the energy of the state 
before the transition. 
Luminescence spectra are broadly divided into intrinsic and extrinsic emissions [32].  
Intrinsic emission is also referred to as fundamental or edge emission and extrinsic 
emission as activated or characteristic emission.   
2.2.1 INTRINSIC EMISSIONS 
Light emission originates from conduction band to valence band transitions, i.e., a hole in 
the valence band recombines with an electron in the conduction band.  The intrinsic 
emission has its conduction and valence band peaks at a photon energy of: 
   gE=νh        (2.2) 
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where gE is the bandgap energy.  The intrinsic emission is due to recombination of 
electrons and holes across the fundamental energy gap, so it is related to the fundamental 
electron energy band structure of the crystal.  At ambient temperatures, intrinsic 
luminescence takes place as a near Gaussian shaped band of energies.  During this 
process, both energy and momentum be conserved.  For a direct gap semiconductor, e.g., 
GaAs, InP, CdS, the maximum of the valence band and the minimum of the conduction 
band occur at the same value of the wavevector, in which transitions are direct or vertical 
as shown in Fig 2.2a.  Since, the transition occurs across the minimum of the conduction 
band and maximum of the valence band, radiative recombination is likely. 
 
Fig 2.2 Electronic transitions due to fundamental emission process  
Fig 2.2(b) shows the case of indirect gap semiconductors e.g. GaP, Ge, Si, where the 
minimum of the conduction band does not occur at the maximum of the valence band 
occurs, where the transitions are indirect.  To conserve the momentum during this 
indirect transition, one or more phonons are emitted.  These are quanta of lattice 
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of indirect transition is significantly lower because recombination of electron-hole (e-h) 
pairs requires a simultaneous emission of a photon and one or more phonons. Therefore 
the fundamental emission in indirect gap semiconductors is relatively weak, especially 
when compared with that due to impurities or defects.  The band transitions of both direct 
and indirect bandgap semiconductor materials are shown in Fig 2.2, where FE is the 
energy of the state after transition, IE is the energy of the state before transition and phE is 
the phonon energy. 
2.2.2 EXTRINSIC EMISSIONS 
The emission spectra of both direct and indirect semiconductors due to the presence of 
impurities or defects are termed extrinsic emissions. The emission bands in these cases 
are activated by impurity atoms or defects.  The emission features are characteristic of the 
particular activator.  Such emissions are more intense than intrinsic emissions at ambient 
temperatures even in direct gap materials.  In this emission process, the defects act as 
recombination centers to capture the carriers. These recombination centers are divided 
into radiative or non-radiative depending upon whether recombination via the center 
leads to the emission of some or all the energy as a photon.  Such defects introduce 
energy levels in the energy gap and the radiation emitted is of lower photon energy than 
the intrinsic emission band.   
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Fig 2.3 Radiative and non radiative electronic transitions in a semiconductor  
The types of radiative transitions that lead to emission in semiconductors containing 
impurities are shown in Fig 2.3, where cE is the conduction band energy, vE  is the 
valence band energy, gE  is the bandgap energy, DE  is the donor energy and AE is the 
acceptor energy.  Processes 1, 2 and 3 are called inter-band transitions and include 
intrinsic emission with energy close to the bandgap energy for which phonons or excitons 
may be involved (process 1), and higher energy emissions involving highly energetic 
carriers viz. through a hot electron (process 2) and a hot hole (process 3).  In process 1, 
the generated e-h pair becomes free and the carriers move independently in 
corresponding bands.  At low temperature, these e-h pairs form a bound state, or an 
exciton.   Both free excitons and excitons bound to an impurity also undergo radiative 
transitions with energy equivalent to the bandgap of semiconductor.   Processes 4, 5, 6 
and 7 consist of transitions involving chemical impurities or physical defects, viz. 
conduction band to acceptor impurity levels (process 4), donor impurity levels to valence 
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band (process 5), donor to acceptor impurity levels (process 6), conduction band to deep-
trap level (process 7) and deep-trap level to valence band (process 8).  Processes 9 and 10 
are referred to as intra-band transitions involving the deceleration of hot carrier viz. 
deceleration of a hot electron (process 9) and deceleration of a hot hole (process 10).   
2.2.3 PHYSICS OF CL 
Electron beam excitation results in the generation of electron-hole pairs and the 
recombination of these electron-hole pairs may result in photon emission.    The incident 
electron beam is deposited in a pear-shaped volume as shown in Fig 2.4.   The range also 
known as penetration depth, eR of primary electron penetration into the material and 









=       (2.3) 
where k is the atomic number of the material, ρ  is the density of the material, bE is the 
excitation electron beam energy andα is a constant, which depends on the atomic number 
and on bE .  It is observed that the electron beam excitation range in the material is a 
function of the electron beam excitation energy.  In principle, the diffusion of minority 
carriers increase the excitation volume, but the observed spatial resolution in CL is 
approximately equal to eR .  The shape of the generation volume depends on the atomic 
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number, varying from a pear shape for a low atomic number to a hemispherical shape for 
high atomic numbers [74].   
 
Fig 2.4 CL emission process by excitation of an electron beam [74] 
The number of electron-hole pairs generated per incident beam electron can be expressed 






EG γ−= 1        (2.4) 
whereγ  is the back scattered coefficient which is the fractional electron beam energy lost 
due to back scattered electrons, and ie is the ionization energy which is defined as the 
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rggi rEEe ωh++=      (2.5) 
where gE is the bandgap energy of the semiconductor, r is the number of phonons 
and rωh is the phonon energy. 





g b=        (2.6) 
where bI is the primary electron beam current and q is the electronic charge. With a 
constant generation rate, an excess carrier concentration is established inside the material 
which is held in dynamic equilibrium by a corresponding constant recombination rate.  
The minority carrier lifetimeτ characterizes the recombination behavior of the material 
and consists generally of a few different lifetimes, each one characteristic of a single 
recombination channel.  The recombination rate is defined as the total number of carrier 
recombination’s per unit time, and is proportional to the reciprocal of the minority carrier 
lifetimeτ . 
Generally, two types of recombination take place in a semiconductor viz. radiative 
recombination and non-radiative recombination, depending on whether recombination 
leads to the emission of a photon or not [77].  These two processes are characterized by a 
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radiative minority carrier lifetime rrτ and a non-radiative minority carrier lifetime nrτ with 




+=        (2.7)  
The radiative recombination rate rrR depends on the probability per unit time that an 





∝        (2.8)  
Similarly, the total rate of recombination totR depends on the probability that the radiative 




∝totR        (2.9)  
The radiative recombination efficiency or internal quantum efficiency intη is the fraction 
of recombination’s that are radiative and is proportional to the ratio of the rates of 
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Not all the generated photons inside the material are able to leave the semiconductor 
through its surface. A large part is lost due to the following three processes [69]: 
(a) Self absorption: Absorption of the photon before it leaves the material surface.  This 
absorption process depends on the exponential absorption factor )( de α− whereα is the 
absorption coefficient which depends on the wavelength and d is the distance of the 
photon path to the semiconductor surface. 
(b) Internal reflection: Total reflection of the photon at the internal interface of the 
material and vacuum.  According to Snell’s law of refraction, only photons within an 







=µ       (2.11) 
where 0n is refractive index of the material.  Therefore only ( )µcos1− of the total 
generated photons is able to leave the surface.  All other photons are totally reflected and 
generally reabsorbed in the material. 
(b) Reflection losses: Additional photon loss occurs due to reflection at the 
material/vacuum interface and is given by a reflection coefficient CR . 
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Taking the above losses into consideration, the external quantum efficiency extη , i.e. the 




αµηη −−−= )cos1)(1(int     (2.12) 
Therefore, the photon emission rate, i.e., number of photons per unit time or the steady 
state CL intensity CLϕ is given by the product of external quantum efficiency and 
generation rate g as follows: 
  gextCL ηϕ =        (2.13) 
  CLextCL Dηϕ =        (2.14) 
where CLD is a constant which may not be equal to g in all cases since extη may vary with 
the volume concentration of e-h pairs. 
Equation 2.14 shows that a constant generation rate due to constant electron beam energy 
and beam current results in a photon emission rate which is directly proportional to the 
internal quantum efficiency.  The observed CL intensity also depends on dopant type, 
dopant concentration, temperature, presence of internal electric fields, the specifics of the 
recombination process and presence of defects such as dislocations.   
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2.3   CL INSTRUMENTATION TECHNIQUES 
CL analysis is performed by two means, using an electron microscope and by using a 
simple high vacuum system containing an electron gun for the excitation of a material.  In 
the second approach, analysis is limited to spot mode CL only since there is no scanning 
capability for electron beam provided.  In the first approach, CL detection system is 
attached to a SEM or STEM.  Most CL attachments are on SEM instruments because of 
the larger chambers and ease of installing larger collection systems.  There are several 
instrumentation techniques available to observe the CL in SEM [78].  However, more 
sophisticated systems with higher sensitivity have evolved over the years and underlying 
principle of these high sensitive systems is to collect as many of the emitted photons as 
possible with the design of the photon collection system [79, 80].  The photon detection 
system is made up of photomultipliers with a gain factors of up to 109 so that the 
detection of even single photons in weak CL signals is possible.  The choice of 
photomultiplier depends on the maximum photocathode sensitivity in the desired spectral 
range of the CL emissions.  The CL system can be classified as dispersive and non-
dispersive systems.  The dispersive system is used for spectroscopic studies.  For some 
applications such as detailed quantitative studies of defects and dopants in 
semiconductors, the system is operated at cryogenic temperature. 
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2.3.1 CL INSTRUMENTATION AND DEVELOPMENTS 
The essential components of a CL detection system are the light collection and 
transmission system, and light detection system.  A schematic diagram of a CL detection 
system for the visible range is shown in Fig 2.5. The light collection system plays a vital 
role in CL measurement as the available CL signal from materials of interest is very 
weak.  Thus to avoid high electron beam power for stronger CL signals, the CL light 
collection system must be as efficient as possible.  The two important factors that 
determine the collection efficiency are the solid angle subtended by the collection 
apparatus and the efficiency with which light is guided to the detector.   
 
       Fig 2.5 Schematic diagram of a typical CL detection system [78] 
There were research efforts to design an efficient light collection system using collection 
optics with concave mirrors, planar mirrors, lenses or some combination of these three 
elements to collect as many of the emitted photons as possible [81-83].  The light 
collection efficiency depends on the fractional solid angle subtended by the collector at 
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20% in the collection employing a parabolic mirror on one side of the specimen [84], to 
about 80-90% for the larger parabolic mirror collector [85], to about 100% collection of 
the CL by the semi-ellipsoidal mirror.  It is concluded that ellipsoidal mirror systems with 
high ellipticity are best suited for most efficient CL collection.  In such systems, the first 
focus of the ellipsoidal mirror corresponds to the primary electron beam striking point on 
the specimen and the second focus a light guide such as fiber is located, through which 
the light is transmitted into the entrance slit of the monochromator [86].  Another 
important requirement for the collection system is its ability to reject the backscattered 
electrons from the specimen. 
The selection of a detector is important in CL measurements.  The detection system is 
designed for high sensitivity, wide spectral response and superior signal to noise ratio.  
The detection system normally uses solid state photodiodes, Photo multiplier tube (PMT) 
and Fourier transform spectrometry (FTS) for detecting luminescence. Among these 
detectors, PMTs are the most efficient detectors in the visible range and most recent CL 
work has been performed with them.  There were lots of research efforts to design an 
efficient, highly sensitive, portable, low cost and wide spectral response CL detection 
system [87-91].  PMTs are classified according to type of photocathode.  The sensitivity 
and wavelength detection range depends on the photocathode type.  S20 photocathodes 
detect UV and blue light efficiently but their response drops to zero in the red region.  S1 
photocathode have a low efficiency in the red region but detection extends to longer 
wavelengths compared to S20 photocathode.  GaAs:C photocathodes have relatively high 
and nearly constant efficiencies throughout the visible range.  PMTs are used in two 
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configurations (1) end window type with semitransparent photocathode which operates at 
higher voltages and has higher gains and quantum efficiency and (2) the side window 
type with solid photocathode, which is usually smaller and operates at lower voltages.  
PMT with end window type is preferred for detecting low level signals. 
The existing CL system is built around retractable semi ellipsoidal mirror as light 
collector, Hamamatsu R928 Photo Multiplier Tube (PMT) as a photon detector and 
monochromator as spectral analyzer.  The detection mode is based on sequential mode of 
operation as explained in Section 2.3.2.   One of the major limitations in this system is its 
inability to acquire a spectrum with a spectral resolution better than 1 nm.  Also acquiring 
a spectrum in the existing static CL system is a time consuming process as the 
monochromator needs to be moved in steps to acquire the averaged signal in each step 
before the complete spectrum is acquired by the software.  Since modern day research 
needs a high spectral resolution CL system in simultaneous detection mode rather than a 
sequential registration of the samples, this requirement is realized in the proposed TRCL 
system.  This feature is demonstrated with results shown in Section 5.3.2. 
2.3.2 CL DETECTION MODES 
The signal from PMT can be used for recording CL images, mapping CL spectra and 
plotting CL relaxation times [69].  For a constant monochromator setting and a scanning 
electron beam condition, monochromatic micrographs can be obtained.  When the 
monochromator is stepped through the wavelength range of interest and electron beam is 
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stationary or scans a small area, spectral information can be derived. When the grating of 
the monochromator is bypassed, photons of all wavelengths fall on the photomultiplier 
giving the panchromatic CL signal.  Only CL imaging and spectral measurement under 
scanning electron beam are discussed here. Time-resolved CL measurement under 
stationary electron beam is discussed in Chapter 3.   
The various CL detection modes are explained with the help of Fig 2.6.  CL imaging, 
mode 1, in Fig 2.6 can be performed both in panchromatic and monochromatic mode 
[92]. In panchromatic mode, total emitted CL emission is detected and detected by the 
PMT whose output is amplified before it is fed in the video signal of the SEM CRT 
display.  A color CL image can be obtained by using wavelength band pass filters and the 
use of three different detection channels for the colors red, green and blue [93-95].  In 
monochromatic mode, the collected photon is dispersed by a monochromator before a 
selected wavelength is detected by the photomultiplier.   
CL spectra recording can be performed either sequentially or simultaneously, as in mode 
2 and 3 in Fig 2.6 respectively.  The electron beam is positioned usually stationary on the 
specimen for both modes of operation.   In sequential recording, the spectrum is obtained 
by detecting the photons after dispersing the CL emissions through a monochromator.  
The monochromator is stepped through the spectral range of interest.  The resolution of 
the spectra greatly depends on the monochromator spectral resolution.   The spectra 
represent the photon emission intensity as a function of wavelength.  In order to achieve 
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higher signal to noise ratio, averaging is done by taking more samples at each 
wavelength.  However this process of registering CL spectra is a time consuming process. 
 
Fig 2.6 CL detection system and detection modes [69] 
Alternatively, CL spectra are registered at much faster time using simultaneous recording 
procedure.  The simultaneous registration of CL spectra is obtained by the use of silicon 
intensified target (SIT) vidicon camera and an optical multi channel analyzer (OMA) 
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leaving the exit slit of spectrograph is detected by a SIT. Each line of target corresponds 
to a particular wavelength and a complete spectrum can be obtained in a single exposure.  
The spectral range of the exposure depends on the dispersion grating and imaging optics.   
The SIT signal is integrated and processed by the OMA and provides a digital intensity 
plot of the CL spectrum.  This technique is used to acquire CL spectra in a fast and easy 
way, eliminating measurement artifacts due to instability of the equipment or specimen 
damage due to long electron beam exposures as in the sequential technique. 
2.3.3 CL OBSERVATION CONSIDERATIONS 
The spatial resolution of CL observation depends on numerous factors such as incident 
electron beam spot size, electron beam energy, electron optics, the working distance and 
the material properties.  Additional factors such as low signal-to-noise ratio, vibrations 
and electromagnetic interference may degrade the resolution.  A minimum signal-to-
noise ratio is required for CL measurements and this depends on detector sensitivities and 
electronic system noise levels.  A certain electron beam power will be required to excite 
the minimum level of signal from the specimen, so that a minimum signal intensity is 
necessary to get the detector pixel brightness above the noise level for processing.   
The electron beam spot size is the most important factor which plays a vital role in spatial 
resolution for CL imaging and spectroscopy. The size of the electron beam decreases 
with a decrease of the beam current and an increase of the beam voltage [97].  Also for 
the same beam current and beam voltage, the spot size varies depending on the filament 
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used as electron source.  In practice, at low electron beam currents, the spatial resolution 
is determined basically by the size of the excitation volume necessary to achieve the 
signal-to-noise ratio requirement.  The signal-to-noise ratio is improved by increasing the 
electron beam energy. 
The spectral resolution in CL measurements depends on the luminescence efficiency of 
the material, its temperature and the CL detection system sensitivity.  For the most 
materials at elevated temperatures between about liquid nitrogen and room temperatures, 
the spectral resolution is specimen limited, since signal maximization requires a larger 
than optimal monochromator slit width.  However luminescence lines become more 
intense and narrower at liquid helium temperatures and the spectral resolution is then 
mainly dependent on the slit width of the monochromator.  There are many major 
advantages of the CL mode in SEM at very low temperatures: (1) the CL spectrum is 
sharpened in to lines and series of lines corresponding to transitions between well defined 
energy levels, (2) significant increase in CL intensity that improves the signal-to-noise 
ratio (3) electron bombardment damage due to reduced electron beam energy [70]. 
One of the important considerations in analyzing the CL emission spectrum, is to identify 
and eliminate the spurious signals also called as artifacts.  Artifacts may arise due to 
luminescent contaminants, incandescence from the electron gun filament reaching the 
detector or from scintillations caused by backscattered electrons striking components of 
the CL systems.  Many of these background contributions may be eliminated by chopping 
the electron beam and detecting the CL signal with a lock-in amplifier.  The spurious 
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signal appears as a ghost peak in the CL spectrum.  It ha been demonstrated that by 
varying the effective field of view of the light collector, the artifacts in the low 
temperature CL spectra could be controlled [98].   
The other consideration during CL measurements is the change of CL intensity due to 
prolonged electron beam irradiation.  This is very important consideration for quantitative 
analyses.  Electron beam irradiation can lead to quenching or enhancement of the CL 
signal.  In ZnS, dark regions in CL observations were associated with possible electron 
beam charging of vacancies [41], whereas in Si, CL intensity enhancement was observed 
due to annealing [62].    It was also reported that contrast inversion is observed at a single 
dislocation in Se-doped GaAs by increasing the electron beam current [99].  Therefore 
caution should be exercised during CL contrast observations on defects.  Prolonged 
electron bombardment often leads to surface contamination of the specimen. 
Specimen charging is another consideration in analyzing CL emissions from non-
conducting samples.  A conductive thin coating will reduce the charging but this will 
significantly reduce the emitted luminescence intensity.  The other way is to use low 
electron beam energy in uncoated samples, provided that the CL signal is sufficient for 
detection.   
2.4  CL APPLICATIONS 
Most applications of CL characterization in recent years were focused studying group III-
V and II-VI compound semiconductors.  Such materials require characterization 
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techniques with both high spatial and spectral resolution such as CL-SEM.  In this 
section, the various applications of CL-SEM characterization in semiconductors are 
discussed. 
2.4.1 DEFECT CONTRAST AND SPECTROSCOPY STUDY 
CL mode of the SEM is frequently used for characterization of the electrically active 
defects such as dislocations in semiconductors.  In CL imaging of defects, contrast is due 
to the enhanced recombination at irregularities in the material. For a material with 
rrnr ττ << (non-radiative transitions are dominant), then the minority carrier lifetime is 
approximated to the non-radiative minority carrier lifetime nrττ ≅ (from equation 2.7) 
and if there are any spatial variations in internal quantum efficiency intη due to variations 
in radiative lifetime only, then contrast would be expected in the CL measurements.  CL 
contrast can also arise due to variations in non-radiative lifetime when either rrτ = 





=       (2.15) 
where CLϕ is the CL intensity away from a defect and CLDϕ is the CL intensity at the defect. 
CL imaging and spectroscopy are used to study one-dimensional quantum structures 
[101].  CL is used to identify the spatial origin of the various peaks including the 
positions of individual impurities in the quantum wires (QWRs).  Here CL is used to 
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identify the various emission peaks from a sample consists of 3.5 mµ  grating with a stack 
of identical QWRs. 
One of the signatures of a QWR is that it shows quantized states where the excited states 
are well separated from the ground state.  A feature of the shape of the V-grooved QWRs 
is that the energy spacing between the excited states is constant.  One way to observe the 
excited states is to increase the excitation density in order to saturate the emission from 
the ground state.  This can be done in CL by increasing the probe current.  Fig 2.7 shows 
a series of spectra recorded with the beam scanning over an area of sample with 
increasing probe currents.  At the lowest excitation density, the spectrum is dominated by 
a single peak.  As the probe current is increased, first a second peak, then a third and a 
fourth peak appears.  The spectra also show additional peak on the low energy side of the 
ground state, related to impurities in the QWR, most likely carbon acceptors. 
 
Fig 2.7 A series of CL spectra recorded with the electron 
beam scanning over an area of surface.  The probe current 
was doubled between successive spectra, ranging from 100 
pA to 25.6 nA [101]  
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Fig 2.8(a) shows the image of the QWRs with their thin lines.  Fig 2.8(b) shows the same 
area, but detecting an energy 20 meV below the main QWR emission.  This emission is 
very weak, but in one of the QWRs, there is a bright spot, related to a carbon acceptor.  
Fig 2.8(c) shows a larger area of the sample where several carbon acceptors can be 
observed.  This illustrates the sensitive measurement capability of the CL technique. 
 
Fig 2.8 Monochromatic CL images in top view of a sample containing a 
grating of V-grooves.  (a) An image of the normal QWR emission. (b) The 
same area, but detecting the energy corresponding to emission via the 
carbon acceptor in the QWR (c) A larger area with the same detection 
energy as in (b).  Each bright spot is centered on the location of a carbon 
acceptor [101] 
In another application, CL technique has been used along with X-ray microanalysis 
to study the microscopic variations in indium content in InGaN epitaxial layers, 
which correlate directly with spatially dependent shifts observed in the peak 
wavelength of the luminescence spectrum [102]. 
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Fig 2.9 Composition and room temperature CL images of Inx Ga1-xN indium rich and 
indium poor regions marked as (A) and (B) respectively [102] 
Fig 2.9 (b) and (c) show two 2D aspects of the 3D CL dataset, the integrated intensity and 
peak wavelength of the main, higher energy, luminescence band respectively.  Whilst the 
total CL emission intensity will be modified by the presence of surface roughness, some 
correlation is still observable between this intensity and indium content.  The emission 
wavelength, less sensitive to surface morphology, can also be seen to exhibit a strong 
dependence on the composition.  From these images, less intense and longer wavelength 
light is seen to be emitted from regions with locally higher indium content, in clear 
agreement with macroscopic measurements. 
 
Fig 2.10 Room temperature CL spectra corresponding to the two labeled 
points in Fig 2.9 [102] 
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Fig 2.9 also shows the positions of the two points labeled A and B from which the spectra 
in Fig 2.10 were taken, representing typical indium rich and indium poor areas 
respectively.  The peak wavelengths of the two spectra are separated by 5.5 nm, 
corresponding to an energy difference of 40 meV this wavelength.  Using the linear 
relationship between peak emission energy and composition previously determined by 
the authors [102], such a change in energy corresponds to a difference in indium fraction 
of ~0.01. 
In this application, CL technique is used along with SEM to investigate both 
luminescence and structure of individual GaN dots.  The position of a dot was established 
with high resolution SEM and a CL image was used to display the corresponding 
luminescence.  The spectrum from a single dot was obtained by positioning the electron 
beam on one particular dot [103]. 
 
Fig 2.11 Spatially averaged CL spectrum of the sample containing 
GaN dots [103] 
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CL spectrum recorded from a region of approximately 50x50 2mµ is shown in Fig 2.11.  
Uncapped GaN dots were produced with AlGaN as barrier layer on SiC substrate.  The 
peak related to 3.71 eV in Fig 2.11, labeled “AlGaN” is related to the near bandgap 
luminescence from the AlGaN barrier.  On the low energy side of this peak, a shoulder 
labeled “LO” is attributed to a longitudinal optical phonon replica of the AlGaN peak.  At 
3.47 eV a peak labeled “GaN” is found, which is attributed to the luminescence from 
GaN dots. 
 
Fig 2.12 CL, FESEM and spectral distribution of luminescence of GaN 
dots [103] 
(a) CL image at a temperature of 80 K, an acceleration voltage of 2 kV, and a probe 
current of 60 pA (b) High resolution FSEM image, (c) Comparison of the spatial 
distribution of luminescence and the spatial distribution of dots.  The image is produced 
by inverting the contrast in the CL image and adding this image to the FESEM image 
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CL images were recorded at 3.47 eV as shown in Fig 2.12(a), to visualize the spatial 
distribution of the luminescence from GaN dots.  Fig 2.12(b) shows the Field Emission 
Scanning Electron Microscope (FESEM) image from the same region to record the 
structure of individual GaN dots.  Fig 2.12(c) is composite CL/FESEM image, produced 
by adding together the FESEM image and the inverted CL image.  All the observed 3.47 
eV luminescence is related to the GaN dots, since it was not detected anywhere else.  
This work established that a 3.47 eV luminescence peak was related to the dots and 
presented a direct correlation between dots observed in SEM and bright spots in CL 
images. 
2.4.2 DEPTH RESOLVED STUDY 
Depth resolved information obtained from the CL analysis of semiconductors is one of 
the most attractive features of the CL technique compared with PL analysis.  Non-
destructive depth resolution in CL analysis is obtained by varying the range of electron 
penetration in order to excite luminescence from different depths of the material.  Depth 
resolved studies are often performed by using a constant total electron-hole pair injection 
rate (i.e. constant electron beam power bbVI ) to obtain greater signals from shallower 
depths at low energies [104]. 
In this application, CL technique was applied to study InGaP/GaAs multi-layer 
heterostructures as a contactless and non-destructive characterization method of buried 
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multi-layer heterointerfaces [105].  The CL intensity measurements as a function of 
electron beam acceleration voltage are defined as CL interface spectroscopy (CLIS). 
   
Fig 2.13 CL and CLIS spectra of MOVPE InGaP/GaAs heterostructure [105] 
(a) Sample structure (b) CLIS spectra  
Fig 2.13(a) shows the sample structure and (b) shows the CL and CLIS spectra.  The 
sample was prepared by metal organic vapour phase epitaxy (MOVPE) and this sample is 
used as reference.  InGaP and GaAs CL peaks were clearly seen.  Then a similar type 
sample was grown by gas source molecular beam epitaxy (GSMBE) using 
tertiarybutylphosphine (TPB) as the P source.  CL and CLIS spectra of this sample 
showed presence of an additional peak near 1.7 eV in addition to the InGaP and GaAs 
peaks as shown in Fig 2.14 (a). 
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(a) CLIS spectra (b) CL spectrum in which peak was suppressed  
Fig 2.14 CLIS and CL spectra of GSMBE grown InGaP/GaAs heterostructure [105] 
The result from CLIS and CL spectrum were compared with the calculated curve based 
on Everhart-Hoff curve and observed that the additional peak is located in deeper 
position than that of the InGaP layer and response starts at a shallower position than that 
of GaAs down below.  Its peak position near 1.7 eV can not be from the GaAs layer.  
From a theoretical analysis assuming presence of a CL luminescent region near the 
InGaP/GaAs interface region, it has been concluded that it comes from the InGaP/GaAs 
heterointerface region.  The results demonstrated the usefulness of CL technique to study 
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The principle of TRCL measurements and the evaluation of minority carrier lifetime from 
the TRCL measurement are explained.  The effect of surface recombination and bulk 
recombination on the minority carrier lifetime is presented.  The detailed instrumentation 
setup required for TRCL measurement is presented.  The different detection modes of 
TRCL measurement such as sequential and simultaneous mode of measurements are 
explained.  The sequential registration technique using a Boxcar integrator, simultaneous 
registration technique using a streak and single photon counting technique are presented.  
The advantages and disadvantages of each of these methods are also discussed.  The 
applications of TRCL measurements in semiconductor characterization are discussed and 
some important applications such as study of quantum structures, study of yellow band 
emissions in GaN, characterization of heterojunction phototransitor, and carrier 
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relaxation study in quantum wires are presented.  The limitations of TRCL measurement 
system in semiconductor characterization are discussed. 
3.1 PRINCIPLE OF TRCL MEASUREMENTS 
In TRCL technique, the decay behavior of the excited excess carriers due to pulsed 
electron beam excitation is studied [106].  This enables the direct evaluation of minority 
carrier lifetime.  However use of this approach for determination of carrier lifetime from 
CL decay measurements has to cope with the small signal available.  The electron beam 
pulse width is varied to establish a dynamic equilibrium of excess carriers in the 
specimen.  When the excitation is switched off at the end of pulse, the collective collapse 
of the excess carriers is controlled by recombination processes [107]. This assumes that 
the temporal dependence of the CL intensity reflects the rate of excess carrier collapse.  
The CL decay measurement yields an effective lifetime due to radiative and non-radiative 
processes which can usually be related to the minority carrier lifetime.  This is important 
if the CL lifetime correlates to the presence of a particular defect or deep level state in the 
material [108]. The carrier relaxation curves are generally non-exponential.  However, it 
can be shown that in a semi-logarithmic plot after a brief initial non-linear drop, they 
asymptotically approach a straight line [109].  Thus the decay constant can be determined 
in a fraction of the above time from the slope of the line by a two point measurement. 
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Fig 3.1 CL signal due a pulsed electron beam excitation [110] 
Fig 3.1 shows the schematic of the electron beam excitation pulse and the respective CL 
signal as a result of pulsed excitation [110].  The electron pulse fall time, also called as 
electron beam switch off time has to be shorter than the CL decay of the specimen used 
for characterization.  The rise time of the electron pulse is shorter than the fall time and 
normally does not impact the time-resolved CL measurements.  Electron transit time is 
defined as the time for electron pulse to transit the optical column of the SEM, before 
impact on the specimen.  This time has to be taken into consideration for lifetime 
measurements using streak technique.  The CL decay time is determined from the 90-
10% intensity levels of the CL pulse decay.  This 90-10% decay time values correspond 
to minority carrier lifetime (
e
1 decay time). 
 
minority carrier lifetime 
electron pulse width 
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3.1.1 CARRIER RELAXATION KINETICS  
When the exciting electron beam is switched off, the CL intensity falls exponentially with 







      (3.1) 
where )0(L is the luminescence intensity at the start of the decay andτ is minority carrier 
lifetime.  The measured values are the effective lifetime effτ , includes the effect of surface 




+=       (3.2) 
where bulkτ is the minority carrier lifetime in the bulk and surfτ is the minority carrier 
lifetime at the surface of the sample.  Hence, observations of the variation of a CL decay 
time as a function of electron beam energy make possible calculations of both the 
minority carrier lifetime and the surface recombination velocity S , which is used to 
specify the recombination at a surface. The electron beam energy is altered through 
varying electron beam acceleration voltage which changes the electron penetration depth.  
Thus the influence of the surface recombination is enhanced at lower electron beam 
energy.  Any defects or impurities within or at the surface of the semiconductor promote 
recombination.  The high recombination rate in the vicinity of a surface depletes this 
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region of minority carriers.  This localized region of low carrier concentration causes 
carriers to flow into this region from the surrounding higher carrier concentration.  
Therefore the surface recombination rate is limited by the rate at which minority carriers 
move towards the surface.  The surface recombination velocity increases and results in 
very fast recombination for a sample with high level of defect concentration at the surface 
of the material.  The general equation for lifetime determination with regard to surface 































)1(1     (3.3) 
where rS  is the reduced surface recombination velocity, pD is the diffusion constant of 












ττ      (3.4) 





SS τ=        (3.5) 
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where pL is the diffusion length of the minority holes in the specimen.  Using equation 3.5 













      (3.6) 
A transient analysis of the CL signal after switching off the electron beam in a scanning 
electron microscope shows that the initial part of the decay depends on the surface 
recombination velocity, the excitation range and absorption coefficient.  At longer times 
after the cutoff of the electron beam, the decay approaches near-exponential behavior, 
which is controlled only by the bulk lifetime [112]. 
The CL intensity at a defect is assumed to be reduced due to another process which is a 
non-radiative recombination with a characteristic lifetime Dτ .  Therefore the minority 
carrier lifetime measured near a dislocation is given by: 
Dnrrreff ττττ
1111
++=       (3.7) 
3.2 TRCL INSTRUMENTATION AND TECHNIQUES 
Optimum detection sensitivity for time-resolved CL measurements in SEM requires 
several instrumental modifications of the standard SEM.  These modifications include a 
versatile beam blanking system, a highly efficient CL collection system and a suitable 
fast photo detector [113].  For spectrally-resolved measurements, an additional light 
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disperser with high transmission has to be used.  Special signal processing equipment is 
required to record very fast CL transients where additional problems arise from the low 
CL intensities normally available in the SEM.  Acquisition of CL decay data from more 
than one specimen point in a reasonable time and the final aim of increasing the number 
of specimen points towards a complete decay time micrograph are only feasible with 
computer controlled scanning and data processing.   
 
Fig 3.2 TRCL detection system and different detection techniques [106] 
A block diagram of CL-SEM system for time-resolved measurements is shown in Fig 3.2 
[106].  Depending upon the signal acquisition method of used for CL decay 
measurement, the TRCL registration modes are classified in to various types.  Analogous 
to the methods for CL spectra acquisition, there are sequential and simultaneous methods 
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referred to as sampling technique, in which the signal acquisition from the fast photo 
multiplier can be achieved by a microprocessor controller boxcar integrator, mode (a) in 
Fig 3.2 [114] or by the single photon counting method [115]. For the simultaneous 
registration of CL decay times, a streak camera is used as a time-resolving photo detector 
in conjunction with an optical multi channel analyzer, mode (b) in Fig 3.2 [110].  Single 
photon counting is also available in simultaneous mode in connection with a multi-
channel analyzer, mode (c) in Fig 3.2. 
3.2.1 SEQUENTIAL REGISTRATION TECHNIQUE 
This technique is also called sampling technique, where a sampling gate determines the 
actual detected time window and therefore the resolution of the detection system [106].  
The shift of the time window with each signal repetition along the time axis restores the 
original signal. The sampling technique requires a fast photomultiplier (PMT) and a 
boxcar integrator [116].  The boxcar integrator integrates signals within the detected time 
window for a selected number of repetition cycles and this process can be repeated to 
acquire the signal intensity variations with respect to time by shifting the time window.   
The boxcar gating function and integration is explained with the help of the timing 
diagram as shown in Fig 3.3.  The boxcar gate delay is adjusted such that only CL 
emissions which are of interest are captured by the boxcar integrator.  The gate width is 
also adjustable and determines the time resolution of the measured decay signal.  Boxcar 
integrator integrates over a number of pulsed excitation events to improve the signal-to-
noise ratio.  
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Fig 3.3 CL decay signal acquisition using Boxcar integrator 
 The disadvantage of the boxcar integrator is the long measuring time for a single 
transient.  For a reliable transient measurement, at least 100 measurement data sets are 
required on the time axis.  Further the sample under investigation must remain stable for 
this long period of time, otherwise significant errors may be introduced.  With a 
maximum signal repetition rate of 10 kHz, a measurement time of at least 100 sec is 
required.  The boxcar integrator limits the temporal resolution of the measurements and 
also results in longer integration time for the decay measurement. 
3.2.2 SIMULTANEOUS REGISTRATION TECHNIQUE 
In this technique, a streak camera is used as a time resolving photo detector [106].  This 
results in a tremendous improvement in the time resolution of the overall system. The 
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best achievable time resolution for a streak camera is in the order of 500 fs. The streak 
camera is a two dimensional device to measure ultra-fast light emissions and provides 
Intensity vs. time vs. wavelength information. The operation of a streak camera is briefly 
discussed here with the help of the diagram in Fig 3.4 [117]. 
 
Fig 3.4 Streak camera operating principle [117] 
The light emission to be detected is passed through a slit and focused on the 
photocathodes of the streak tube though an optical lens system.  The incident light on the 
photocathodes is converted into a number of electrons that is proportional to the intensity 
of the light.   These electrons pass through a pair of accelerating electrodes and the 
accelerated electrons are then deflected by a pair of sweep electrodes.  High voltage (HV) 
is applied to the sweep electrodes with a timing synchronized to the incident light.  This 
initiates a high speed sweep and during this sweep, the electrons which arrive at different 
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times are proportionately deflected in the vertical direction and enter the micro channel 
plate (MCP).  The micro channel plate amplifies the number of electrons for display on a 
phosphor screen.  On the phosphor screen the light image corresponding to the optical 
pulse which was the earliest to arrive is at the uppermost position, with the other optical 
pulses that come later being arranged in sequential order from top to bottom. In other 
words, the vertical axis is the time axis [117].   The linear region of the HV pulse rising 
edge then provides the lateral time axis or streak range srt  at the streak camera phosphor 
screen, because of the direct proportionality between lateral photoelectron deflection and 
applied voltage. The streak ranges can be varied by variation of the HV pulse rise time in 
steps, so that either CL decay or the complete CL pulse can be imaged. 
The simultaneous acquisition method offers better time resolution and the possibility of 
detecting all the CL decay rates simultaneously in a very short time.  The achievable time 
resolution is about 1/100 of the complete streak range determined by the monochromator 
exit slit width.  With the shortest HV pulse rise time of 10ns the best achievable time 
resolution of the system is about 100 ps [110].  This lower limit is also set by the jitter 
between CL pulse and HV pulse.  The sensitivity of the system is directly proportional to 
the number of streaks which can be accumulated on the Vidicon target before read out 
occurs.  The number of streaks is increased by the use of the HV pulse generator with 
high repetition rate.  Only with this increased repetition rate was the system sensitivity 
high enough to perform time-resolved measurements with high spatial resolution under 
the low intensity conditions of CL in the SEM. 
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3.2.3 SINGLE PHOTON COUNTING 
The single photon counting technique is more efficient than sampling techniques since 
single photon detection is used.  This method is an extension of the delayed coincidence 
method [115].  In conventional single photon counting technique, the time difference 
between the excitation pulse (start) and the first detected photon pulse (stop) is measured 
by time-to-amplitude (TAC) converter and the result is digitized and stored in an 
appropriate channel of the multi channel analyzer (MCA).  The counts in each channel 
then represent the probability of photon emission in the time interval t∆  at time tm∆ , 
where m is the channel number and t∆ is the channel width (time).  This type of 
measurement is however subject to usual statistical constraints associated with any 
photon correlation experiment [115].  The basic experimental setup is shown in Fig 3.5 
[115].  The timing sequence in this setup is reversed for detecting weak luminescence 
signals such that the start is provided by the first detected photon pulse and the stop pulse 
is derived from the excitation/modulation signal via a controlled delay.  The photons 
emitted from the sample are detected by the PMT and amplified.  The amplified photon 
pulses are then fed in to a two level window discriminator for signal/noise optimization 
for the particular PMT operating condition.  This ensures only those voltage pulses which 
fall within the window are subsequently used in the timing measurement.  The 
discriminated photon pulses are then buffered and converted into compatible pulses to 
use as trigger signal for the timing circuit. 
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Fig 3.5 Experimental setup of delayed coincidence technique [115] 
The time-resolved detection of a single photon event requires the synchronization with 
the event of excitation, which must be derived in time-resolved CL analysis from the 
driving pulse of the electron beam blanking system.  By setting the gate with a fixed 
window and shifting it with respect to the time reference, the signal pulse decay can be 
recorded.  The use of gating signal also inhibits the major portion of the steady state CL 
signal and just capture only photons of interest.  It is also preferable to reverse the timing 
sequence for very weak luminescence signals such that the start is provided by the first 
detected photon pulse and the stop pulse is derived from the excitation signal via a 
controlled delay.  This avoids unconsummated starts and therefore makes more efficient 
use of the MCA electronics, i.e. reduced dead time.  As a result of this transposition in 
the start/stop pulses the recorded CL decays appear time inverted. 
Fig 3.6 shows the timing configuration of the various signal (photon event) and control 
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applied to the gate allows for the usual delays associated with photomultiplier transit 
time, light path length, instrumentation delay, etc.  Although the use of the gate as a time 
window amounts to a sampling procedure, where the input to the MCA now consists of a 
series of windows (width gt ) evenly spaced according to the beam modulation range.  The 
filling of the windows is still random if the low photon detection criterion is upheld.  As 
already mentioned, the time inverted appearance of the decay is due to the transposition 
of the timing pulses. 
 
Fig 3.6 Time delayed coincidence scheme for CL decay measurement [115] 
Single photon technique is very useful while performing decay measurements on 
semiconductors with weak luminescence signals.  Here the temporal distribution of 
photon emission from a semiconductor is recorded in the form of histogram.  For samples 
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with longer lifetimes and much weaker CL signals, the use wider gates and slower beam 
blanking rates are required.  In such cases, the photon detection probability is found 
typically to be less than 1% and therefore the time required to acquire a statistically 
useful decay will be longer in the order of hours.  The overall system stability then 
becomes the main consideration for attempting such measurements.  This technique is 
most suited for measuring decay from semiconductors with inefficient CL emissions with 
short lifetimes, where long acquisition times can be tolerated.  This technique is also used 
for CL efficient materials with short lifetimes with experimental modifications.  However 
for CL efficient materials with long lifetimes, a point will be reached where the use of 
wider gates/slower blanking rates is no longer conducive to single photon counting. 
3.3 TRCL APPLICATIONS 
The time-resolved CL technique was found to be useful in the assessment of 
semiconductors.  TRCL technique provides a direct evaluation of the carrier lifetime in a 
semiconductor.  The spatial capability of CL allows localized lifetime measurements at 
individual defects.  Some applications of micro characterization of semiconductors by 
TRCL measurements have been presented here. 
(A) Time-resolved CL was used to study yellow band emissions from the Si-doped 
GaN sample [118].  These yellow band emissions are detrimental and compete with the 
near bandgap emission process in GaN.  The origin of the defects responsible for yellow 
band was discussed.  It was found that the ratio of the yellow band to near band edge 
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emission intensity depends on the beam excitation conditions.  Besides the near bandgap 
emission centered at 3.39 eV, the CL spectrum shows an intense broad yellow band 
centered near 2.16 eV. This broadband emission was found to be with two well resolved 
peaks at 2.29 eV and 2.16 eV plus other shoulders centered at about 1.89 eV, 2.03 eV and 
2.38 eV respectively.  In the low temperature CL spectrum, two peaks corresponding to 
the near bandgap emissions are seen at 3.477 eV and 3.410 eV respectively.  The yellow 
luminescence centered at about 2.26 eV at this temperature dominates the overall 
emission and all the other deep level bands observed at room temperature also observed 
at this temperature.  
 
Fig 3.7 CL spectrum of Si doped GaN [118] 
Time-resolved CL spectrum is obtained by delaying the time window.  Information on 
the deep level traps is obtained by the observation of the onset of CL and its kinetics.  
The corresponding decay time for the CL transient has also been obtained.  It was found 
that the steady state condition is not reached for any of the observed emissions with 
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pulses shorter than about 400 sµ .    Decay times for various emissions were in the range 
of 280 sµ  to 340 sµ . The dominant band with the peak energy centered at 2.35 eV has the 
longest decay of 340 sµ .  The radiative transitions with decay time of less than 100 ns 
were not observed due to the experimental constraints. 
(B) TRCL has been used to characterize a heterojunction phototransistor (HPT) under 
operating conditions, i.e. at room temperature and under bias [119]. Four different HPT 
structures were used and the only difference among these structures is the number of 
quantum wells.  HPT’s are of the n-p-i-n configuration with n-type GaAs substrate, 
collector region multiple quantum well (MQW) with InGaAs wells separated by GaAs 
barriers and an AlGaAs emitter.  Steady state CL spectra for various collector emitter 
voltages were obtained for the HPT structure with six quantum wells (QWs).  Two peaks 
are found at 860 nm and 875 nm when the device is off.  However, the short wavelength 
peak becomes dominant and the CL intensity increases significantly when the HPT is 
turned ON. 
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CL decay transients of a 6 QW device at 860 nm and collector emitter voltages (a) 0V and (b) 2V.  The lifetime τi increases from 1.87 
to 5.34 ns as the device turns on 
Fig 3.8 CL spectra of AlGaAs/GaAs/InGaAs HPTs [119] 
Time-resolved CL performed at 860 nm shows that the CL decay at VCE = 0 V is very 
fast and no residual CL was observed after 5-10 ns, whereas the CL decay at VCE = 2 
V(turn on) is very slow and substantial residual CL signal was observed up to 700 ns.  It 
was also found that 50 ns electron beam pulse was not sufficient for steady state 
generation-recombination process.  These results were related to the device performance 
by showing that the devices with poor response when the voltage is increased.  It was 
also observed that no residual CL shows up in such devices. 
(C) TRCL is used to study the carrier relaxation, transport and collection in the 
quantum wires (QWRs) [120]. Two samples with four bilayer superlattices (BSL) of 
(InP)2/(GaP)2 each separated by InGaP barrier for the study.  Steady state CL spectra for 
both the samples were obtained and it was observed that spectral line shapes vary with 
the electron beam energy for one sample.  The CL emission intensity also increases with 
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the increase in electron beam energy.  No significant change in the spectra line shape is 
observed when the electron beam current is changed. 
 
Fig 3.9 CL spectra of (InP)2 / (GaP)2 quantum wires [120] 
Various CL spectra were obtained by delaying the time window from 0 to 5 ns during the 
onset and 0 to 25 ns during the decay of the electron beam pulse.  A broad feature with no 
distinct peaks for wavelength 680 ~ 750 nm was observed during the onset phase and this 
was related to the uniform capture of the carriers in all the four QWR regions.  A small 
narrowing and red shifting of the spectra is observed during the onset phase.  However, a 
rapid narrowing and red shifting of the spectra are observed during the decay phase.  The 
decay spectrum is decomposed in to two components, high and low energy component 
and it was confirmed that the high-energy component intensity decreased during the 
decay and the decay rate for the low energy component increases during decay.  These 
Chapter 3 Time resolved cathodoluminescence 
_____________________________________________________________________ 
 
  76 
observations are related to the thermal re-emission from the QWR regions before the 
recombination occurs, leading to an eventual carrier transfer in to the lowest energy 
states. 
3.4 TRCL LIMITS AND CONSIDERATIONS 
Though time-resolved CL measurements are very interesting for a fast and reliable failure 
analysis of semiconductors but have some limitations in terms of the instrumentation and 
its application in semiconductor characterization.  This chapter discusses those 
limitations and considerations to be observed during CL measurements for effective use 
in semiconductor characterization.   
The signal-to-noise ratio is one of the important considerations in CL mode, since some 
semiconductor emission intensity is very weak and results in small signal-to-noise ratio.  
Using a highly sensitive detector and signal amplifier systems will improve the signal-to-
noise ratio.   
Another problem which may occur in TRCL measurements with photomultipliers is 
possible saturation at high signal levels [121].  If the photomultiplier saturates, then the 
observed decay seems to be longer, for the initial part of the decay is then controlled 
more by the de-saturation of the photomultiplier than by the signal itself, so that a slow 
initial signal decrease is avoided.  Hence care is taken to ensure that photomultiplier 
operates below saturation by adjusting the electron beam current to low values.   
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Another problem is the effect of wavelength dependent transit time of the photoelectrons 
between photocathode and the first dynode within the photon detector.  This transit time 
depends on the energy of the absorbed photon and on the work function of the 
photocathode material.  A reduction of this transit time difference may be obtained by use 
of photomultipliers with a short distance between photocathode and first dynode and by 
increasing the applied acceleration voltage to the maximum value in the photon detector. 
Generation of stray photons and eventual detection of these photons by the CL detection 
system has to be considered for reliable analysis of the CL data.  Stray photons are 
created from the lens and the optical light guide due to scattering of backscattered 
electrons generated by the primary electron beam.  To avoid this effect, lenses and light 
guides are placed far away from the specimen and beam current and acceleration voltage 
should be as low as possible. 
On the application of TRCL technique in semiconductor characterization, it is proved to 
be a very useful complementary technique with other quantitative analytical and 
structural techniques like Secondary Ion Mass Spectroscopy (SIMS), High Resolution X-
ray Diffraction (HRXRD) and Rutherford backscattering Spectroscopy (RBS) etc.  This 
complementary approach enables one to identify correctly the origin of failure 
mechanisms in semiconductor devices.  CL in fact does not often allow the quantification 
of some major parameters such as influence of strain release in lattice mismatched 
heterostructures on CL peak energy positions unless HRXRD and/or RBS have been 
carried out in advance [122].  Also quantitative determination of compositional variations 
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with high lateral resolution in QWs and/or confining layers of devices are possible only 
after HRXRD has given large area average compositional values [123] in support of CL 
study. 
Further developments in time-resolved CL are required on the improvement of the time 
resolution, enhancement in sensitivity, development of data acquisition tools and 
extension of the analyzed spectral range to the infrared region.  All these factors are taken 
into consideration while developing a new time-resolved CL measurement system. 
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The design of the proposed Time-resolved Cathodoluminescence system is presented.  
The performance specifications such as spatial resolution, spectral range, temporal 
resolution and data acquisition system are discussed.  The system components such as 
electron beam blanker, light collector, photon detector and automation of data 
acquisition are explained in detail. The most important component of this system is a 
gated intensified charge couple device which acts as photon detector and is discussed 
in detail.  Its operation and advantages over other photon detectors are discussed.  The 
software used for automating the data acquisition is presented.  The system alignment 
procedure for electron gun alignment and light collector for proper operation is also 
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presented.  The wavelength calibration procedure and results are summarized.  Also 
the procedure for ICCD gate time verification is presented with results. 
4.1 SYSTEM  DESIGN 
An important part of this research is to design and build a high performance Time-
resolved Cathodoluminescence Microscopy and Spectroscopy measurement system to 
characterize semiconductors.  A previous time-resolved CL measurement system was 
developed at Centre for Integrated Circuit Failure Analysis and Reliability 
(CICFAR), National University of Singapore, based on Stanford Research Systems 
(SRS) SR 250 boxcar integrator as the time resolving unit and Hamamatsu R928 
photo multiplier tube (PMT) as photon detector [108].  The major limitations of this 
system are the low temporal resolution, which is limited to 4 ns, low sensitivity of the 
PMT and the inability to provide spectral information.  The critical equipment which 
limits the system performance was identified to be the PMT and the boxcar integrator.  
The time resolution of the boxcar integrator is 2 ns and overall time resolution of the 
system is further worsened due to the rise time & jitter of the PMT at 2.2 ns and 1.2 
ns respectively.  The features of the time-resolved system developed previously by 
others are given in Table 4.1.  The design criteria for the new time-resolved CL 
measurement system are defined to overcome the limitations.  The newly developed 
system provides spatial, spectral and temporal information simultaneously.  The other 
important consideration for the new system is to build the system as an attachment to 
the existing Hitachi S2700 Scanning Electron Microscope at CICFAR.   
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Table 4.1 Features of other time-resolved CL system  
SN System Specifications Comments 
1 Static CL system @ 
CICFAR, NUS 
No temporal capability, 100 
nm spatial resolution, 1 nm 
spectral resolution 
Long data acquisition 
time due to stepping 
monochromator for 
spectral dispersion. 
2 TRCL using Boxcar 
@ CICFAR, NUS 
4 ns time resolution, 40 nm 
spatial resolution, no 
spectral capability 
Long data acquisition 
time due to low SNR of 
Boxcar. 
3 TRCL using Streak 
Camera [110] 
100 ps time resolution, 200 
nm spatial resolution, no 
spectral capability 
Streak Camera is 
expensive 
4 TRCL using Single 
Photon Counting 
[115] 
300 ns time resolution, 100 
nm spatial resolution, no 
spectral capability 
Statistical errors 
The system consists of a highly efficient light collection and detection system.  The 
light detection system is portable and can be mounted on any CL detection system 
without modification.  The coupling from the collection system to the detection 
system is through efficient optical coupling to enhance the photon detection 
sensitivity of the overall system.  The various components for time-resolved CL 
system is designed and developed as standard components that can be attached to any 
commercially available SEM.  This design will help to commercialize the newly 
TRCL system. 
The specifications for the new time-resolved CL measurement system are as follows: 
i. Spatial Resolution: 
 Spatial resolution of the system depends on the SEM.  The CL detector is 
attached to Hitachi S2700 SEM which has a spatial resolution of 3.5 nm.  However 
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the spatial resolution in CL mode depends on the volume of electron-hole pair 
generation and the carrier diffusion length.   
ii. Spectral Range: 200 ~ 800 nm  
The spectral range of the time-resolved system depends on the spectrograph and 
photocathode in the intensified charge coupled device (ICCD) camera.  The 
spectrograph has a triple indexable grating turret for three gratings, installed with a 
0.1 nm resolution 1200 g/mm grating and operates in the range of 185 nm to far 
infrared region.  The S20Q photocathode used in ICCD camera limits the spectral 
range from 165 nm to 820 nm. 
iii. Time Resolution: 200 ps 
The time resolution of the time-resolved system depends on the detector resolution 
and beam blanker rise/fall time.  Since the beam blanker rise/fall time is ~100 ps and 
smaller than the photon detector time resolution of 200 ps, the overall time resolution 
of the system is 200 ps. 
iv. Data Acquisition  
The ICCD camera is computer controlled and data acquisition software is automated 
to acquire Intensity vs. Time vs. Wavelength spectrum and to acquire the complete 
decay over longer measurement time. 
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4.2 SYSTEM DESCRIPTION AND OPERATION 
The time-resolved CL system setup is shown in Fig 4.1.  The time-resolved CL 
system is built onto a Hitachi S2700 scanning electron microscope.  The electron gun 
has a lanthanum hexaboride (LaB6) cathode, which provides high brightness.  The 
electron pulses are produced by the electrostatic deflection of the electron beam 
through a plate capacitor.  The sample is mounted on top of the XYZ precision 
movement stage.  Luminescence emitted from the sample is collected with a semi 
ellipsoidal mirror coupled with a spectrograph through an optical fiber.  The collected 
light is dispersed before being detected by the ICCD camera for time-resolved 
measurements.  The system setup is shown in Fig 4.1 and the major components of 
the system are: 
i. electron beam blanking section with a beam blanker to pulse the electron 
beam 
ii. light collection section with a semi-ellipsoidal mirror as light collector for 
collecting the photon emissions from the sample 
iii. light detection section with a spectrograph for spectral analysis and ICCD as 
a photo detector for time-resolved measurements.   
iv. data acquisition section with a personal computer and software to acquire & 
process the data automatically. 
Chapter 4 Time resolved cathodoluminescence microscopy and spectroscopy system 
_____________________________________________________________________ 
 
  84 
 
Fig 4.1 TRCL system setup 
The beam blanker setup was developed in close collaboration with Semicaps Pte Ltd, 
Singapore. The blanking system consists of a pair of capacitor plates is installed in 
the SEM column just above the electromagnetic lenses.  The capacitor plates are 
supplied with high voltage pulses from the pulse generator.  A high voltage (HV) 
transformer is used to step-up the pulse generator output voltage.  The high voltage 
pulses deflect the electron beam away from the SEM electron optical axis during the 
blanking time.  The pulse width during which the electron beam strikes the sample 
and pulse frequency is variable through the trigger applied to the pulse generator.  In 
this way, electron pulses are generated according to the needs of the time-resolved CL 
measurements. 
The electron beam is modulated by means of a beam blanker to create a modulated 
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triggered by the frequency generator which also sets the frequency for the ICCD 
camera.  The blanked electron beam is focused on the sample through the SEM 
electron lenses.  This results in modulated electron beam excitation on the sample 
under investigation.  
The CL signals from the sample are collected using a semi-ellipsoidal mirror which 
has a high light collection efficiency and backscattered electron rejection efficiency.  
The light collected from the semi-ellipsoidal mirror is guided out of the specimen 
chamber through an optical fiber to the spectrograph.  The spectrograph disperses the 
collected CL emissions across the imaging area of the photon detector.  The spectral 
range of the dispersion depends on the position and type of grating.  The photon 
detector is an array of 662 x 534 pixels for imaging and time-resolved measurements 
and the center wavelength is set by the spectrograph 
The trigger from the frequency generator is used to trigger the internal circuitry of the 
ICCD camera which controls the gate opening. The ICCD gate opening can be 
controlled by the gate delay and gate time set through computer controls.  The gate 
delay is used to shift the gate from the trigger and by shifting the gate over the time, 
the CL time waveform is obtained.  
The dispersed light from the spectrograph is captured as a frame by the CCD chip in 
the ICCD camera.  Software is used to acquire the images from the camera and 
integrate multiple frames to achieve higher signal-to-noise ratio.  The number of 
frames to be integrated is set based on the emission efficiency of the specimen and 
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electron beam conditions.  A longer signal acquisition time is required for specimens 
with low emission efficiency and electron beam with short pulse width.  The software 
also used to construct a 3D CL dataset such as intensity, time and wavelength 
information of the sample. 
4.2.1 BEAM BLANKER 
The beam blanking system can be realized either using a plate capacitor [124] or by 
Wehnelt modulation [125].  Though there are other methods such as traveling wave 
structure [126] and resonator cavity [127] to blank the electron beam, plate capacitor 
or Wehnelt modulation is predominantly used because of its ability to vary the 
blanking frequency and use with variable electron beam energy. The important 
requirements for the beam blanking system are as follows: 
1. The electron beam switch off time should be shorter than the CL decay time of 
the specimen under investigation.  This also limits the time resolution of the CL 
detection system. 
2. The electron beam blanking system should have a feature to vary electron beam 
pulse length and frequency to establish a dynamic equilibrium of carrier 
generation of different specimen materials with different minority carrier 
lifetimes. 
3. The electron beam blanking system should be able to blank the electron beam 
with at different acceleration voltages for depth analysis. 
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4. The electron beam blanking system should not reduce the maximum available 
electron beam current resulting in poor detection sensitivity. 
The beam blanker that was selected for this project is a set of plate capacitors based 
on electrostatic blanking.  Beam blanking is activated by an external trigger signal.  
Fig 4.2 shows the operation of the beam blanker. 
 
   
Fig 4.2 Beam blanking system (a) Blanking module setup 
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The electron beam is deflected by means of high voltage applied to one of the parallel 
plate capacitor plate mounted in the column of SEM.  The other capacitor plate is 
grounded.  The beam blanker circuit has a pulse generator which generates an output 
pulse with variable frequency f and pulse width pt .  The pulse generator output is 
stepped up through a high voltage transformer and applied to the capacitor plates.  
The pulse generator generates the 0-11 V pulse whose frequency and pulse width can 
be set either through a scan input derived from SEM electronics to pulse the beam to 
synchronize with scan frequency or an external input from a frequency generator.  
The pulse generator has an input impedance of either 50 Ω or 1 kΩ selectable from 
the front panel.  The maximum triggering frequency of the pulse generator can be up 
to 2 MHz for 50 Ω input impedance and 500 kHz for 1 kΩ input impedance.   
The electron beam is blanked when the voltage is applied to the capacitor plate and 
transmitted if the voltage is removed. Blanking takes place by deflecting the electron 
beam from the electron optical axis column. The deflection sensitivity DS , of the 
blanking system, is defined as the minimum deflection voltage required to deflect the 




S 1=       (4.1) 
where blV is the HV applied to the capacitor plates and depends on the primary 
electron beam acceleration voltage.  The input trigger determines the blanking 
Chapter 4 Time resolved cathodoluminescence microscopy and spectroscopy system 
_____________________________________________________________________ 
 
  89 
frequency and pulse width of the blanking.  Since the electron transit time in the 
column, defined as the time taken for electron beam to deflect after the blanking is 
applied to the capacitor plate, is negligible compared to the overall time resolution of 
the system, the same frequency output signal is used to trigger the detection system. 
4.2.2 LIGHT COLLECTOR 
The retractable light collection system consists of a light collector and a high 
transmission optical fiber as a light guide to the light detection system.  The light 
collector is a semi-ellipsoidal mirror of high elllipticity which ensures high optical 
coupling with a light guide [128].  The most essential part of the CL collector system 
is the collector design.  The light collector is designed to have high collection and 
transmission efficiencies, high back scattered electron (BSE) rejection efficiency, 
compatibility with large specimen size and compatibility with the short working 
distance to allow high spatial resolution [129].  The light collector is a concave mirror 
of semi-ellipsoidal shape and the design details are given in Appendix A. 
The mirror is mounted on retractable arrangement that can easily be inserted and 
retracted out from the electron beam path.  The retractable attachment is further 
engaged onto a movable XYZ holder that provides a focusing function of the mirror.  
The mirror is inserted in between the sample under test and the SEM objective lens.   
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4.2.3 SPECTROGRAPH 
The light collection module consists of a spectrograph for light dispersion.  The 
spectrograph configuration is shown in Fig 4.3.  The input light guide is connected to 
the entrance slit of the spectrograph which has an adjustable slit width.  The slit width 
is adjusted to obtain an image in the focal plane of the photon detector.  The ICCD 
camera is installed at the exit slit of the spectrograph.  The position of the camera is 
adjusted such that the ICCD is on the focal plane.  The spectrograph has a 14 mm x 
27 mm focal plane and the ICCD has an imaging area of 20 mm x 15 mm.    
 
Fig 4.3 Spectrograph configuration 
An Acton Research Corporation, SP300i spectrograph is used. The focal length of the 
f/4 optical system is 300mm and corrected for astigmatism.  It supports triple gratings 
mounted on a micro-stepped stepping motor controlled by a 32-bit microprocessor. 
The three gratings 1, 2 and 3 are of 1200 g/mm, 600 g/mm and 300 g/mm, 
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respectively.  The highest spectral accuracy of 0.1 nm is achievable at a center 
wavelength of 435.8 nm using grating 1 with 1200 g/mm. The center wavelength of 
the spectrograph is set through direct digital scan drive system with a step size of 
0.025 nm.   The entrance slit openings can be adjusted using a micrometer from 
10 mµ  to 3 mm wide.  The spectral range is from 185 nm to near infrared with a 
dispersion of 2.7 nm/mm.  All the functions such as grating selection, setting center 
wavelength, scan speed, etc; are computer controlled through a RS232 interface 
[131]. 
4.2.4 PHOTON DETECTOR 
The dispersed light from the spectrograph is focused on a gated ICCD camera which 
acts as a photon detector.  A ICCD camera from Stanford Computer Optics, 4Picos is 
used.  The camera has the shortest gate time of 200 ps with a maximum repetition rate 
of 200 kHz in continuous mode operation.  The image intensifier is a single stage 
based on proximity focused multi channel plate (MCP) with a maximum gain of 4 x 
104.  The image intensifier is coupled to the CCD video unit using a 6 element f/0.8 
relay lens, and results in a distortion free imaging.  The CCD video output is an 
analog signal, CCIR scan mode with a pixel size of 8.6 mµ  x 8.3 mµ .  The 
components of the ICCD camera are shown in Fig 4.4.  The important component of 
ICCD camera is the image intensifier which comprises the photocathode, MCP for 
electron amplification and a phosphor screen.  The camera has a video output section 
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for video signal processing and a micro controller for camera control.  The camera is 
externally controlled by a computer through a RS232 port.  The video frame is 
acquired through a frame grabber for image reconstruction. 
 
Fig 4.4 ICCD camera configuration [132] 
The photocathode is coated with a photo sensitive material which absorbs incident 
photons and generates photoelectrons.  The photoelectrons are attracted towards the 
MCP because of the electric field between the photocathode and phosphor.  The MCP 
is made up of numerous narrow glass cylinders with a resistive coating to form a plate 
and photoelectrons entering the MCP are intensified by applying a variable voltage 
across the MCP. The photoelectron amplification takes place by dislodging secondary 
electrons from the cylinder walls.  This process leads to an avalanche and creates a 
large amount of electrons which can be controlled by the MCP gain voltage.  The 
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image intensifier output is lens coupled to a CCD to convert the electrons back into 
an optical image.  The coupling of the phosphor screen to the CCD video unit is 
achieved with a relay lens.  This lens coupling is f/0.8 which provides a distortion-
free image.  The CCD video unit has 768x582 pixels which provide high resolution.  
The video out of CCD video unit is connected to a frame grabber to transfer the 
images for analysis [132]. 
The image intensifier can be operated as a very fast optical switch, only capturing the 
photons within a time window determined by the gate time while applying a negative 
voltage of 120 V to the photocathode.  For all other times a positive voltage of 100 V 
keeps the intensifier closed.  The gate time is defined as the time during which the 
intensifier shutter “opens” from the “close” position.  The minimum gate time 
depends on photocathode and electronics of the gate control circuitry.  In this work, 
the ICCD camera equipped with a photocathode S20Q type is used.  The spectral 
response for various photocathodes is shown in Fig 4.5.  Photocathode S20Q has a 
spectral response range of 165 nm~820 nm and provides an open-close time of less 
than 100 ps. 
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Fig 4.5 ICCD photocathode spectral response [132] 
The shutter operation in the ICCD camera can be controlled by two ways, internally 
using internal microprocessor in the camera or externally using a TTL source.  In 
internal controlled operation, the internal programmable gate logic unit is triggered by 
the internal CCD video unit scan signal (FSync) or external trigger with a falling edge 
(-Trig) or a rising edge (+Trig) as shown in Fig 4.6.  The IntGtP port in the ICCD 
camera as shown in Fig 4.6 is connected to the output of internal programmable gate 
Chapter 4 Time resolved cathodoluminescence microscopy and spectroscopy system 
_____________________________________________________________________ 
 
  95 
logic unit, which is used for external monitoring.  In this mode of operation, the gate 
open time st , also called as gate time can be varied from 200 ps to 80 s in steps of 
0.01 ns.  The gate delay time dt , also called as gate delay can be varied from 0 to 80 s 
in steps of 0.1 ns.  The gate time and gate delay, dt and st respectively is set in the 
internal microprocessor of the CCD camera.  In external-control operation, the shutter 
is controlled by applying a TTL pulse to the ExtGtp port in the ICCD camera as 
shown in Fig 4.6.  In this mode of operation, gate time st and gate delay dt are 
determined by the external device which can range from 200 ps to very large value in 
the order of 100s of seconds.   
 
Fig 4.6 ICCD camera control block diagram [132] 
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The ICCD camera can be operated different modes as described below.  In this work, 
the camera is operated only in modes (i) and (ii) which are discussed in Appendix B.   
The time-resolved CL data acquisition is fully automated by using three software’s 
namely 4Picos, 4Spec and Decs, a visual basic script application to automatically 
acquire a spectrum at various time intervals.   The details of the data acquisition 
system are discussed in Appendix C. 
4.3 SYSTEM ALIGNMENT 
The TRCL system needs to be setup properly for optimum detection and 
measurement performance.  The setup includes the electron gun alignment and 
positioning of the CL light collector in the SEM specimen chamber.  The tests 
performed for electron gun and CL light collector are discussed below. 
The electron gun is aligned according to the procedure provided in the Hitachi S2700 
SEM operation manual. Electron gun alignment is essential for high spatial resolution 
and proper blanking of the electron beam for time-resolved measurements.  Any mis-
alignment in electron column results in residual electron beam during the blanking 
period of the electron beam and produces stray CL signal.  Once the electron column 
is aligned, electron beam blanking operation is verified by the following procedure.  
The setup for testing the proper operation of beam blanker is shown in Fig 4.2(a).  A 
sample with high luminescence efficiency is used and CL emissions are collected 
using the ICCD camera operated in direct trigger mode using an external trigger.  The 
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trigger frequency is selected same as the actual experiments and hence 200 kHz is 
used for this test.  The ICCD camera is configured with longer gate time and longer 
integration times to get a high intensity image.  The gate delay is adjusted such that 
gate is only active during the blanking period (Beam off).  The timing diagram of the 
ICCD gate and beam blanker is shown in Fig 4.7.  The resultant image should be a 
dark image if the electron beam is completely blanked.  Any residual electron beam 
during the blanking period will show up as white pixels in the resultant image.  In this 
way, the electron gun is aligned for proper beam blanker operation. 
 
Fig 4.7 Timing diagram for testing beam blanker operation 
The CL light collector i.e. semi-ellipsoidal mirror position is aligned in “XYZ” 
direction with respect to the electron beam to ensure to that electron beam is focused 
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the following procedure to get maximum collection efficiency. A sample with high 
luminescence efficiency is used and CL emissions are collected using the ICCD 
camera at various positions of semi-ellipsoidal mirror in “XYZ” directions.  The 
ICCD camera is configured with longer gate time and longer integration times to get a 
high intensity image. 
The semi-ellipsoidal mirror mounted on the retractable arrangement is moved into the 
SEM chamber and adjusted such that the hole in the mirror is in the center of the 
column.  The movable XYZ holder in the retractable attachment is used for further 
fine adjustments of the semi-ellipsoidal mirror.  Since semi-ellipsoidal mirror position 
is mutually exclusive in XYZ directions, the Intensity vs. Position curve is plotted for 
one particular direction, keeping the mirror fixed in other two directions.  The semi-
ellipsoidal mirror position is adjusted in X direction by keeping the mirror fixed at a 
particular position in Y direction.   At each position in X direction, the image is 
acquired and intensity is plotted at various positions.  This process is repeated for Y 
direction.  The semi-ellipsoidal mirror is positioned in X and Y direction where 
maximum intensity is observed.  At this position, the movable Y stage is adjusted 
such that the semi-ellipsoidal mirror is aligned in Z direction.  The CL Intensity vs. 
Position plot for various position of semi-ellipsoidal mirror in X, Y and Z directions 
is shown in Fig 4.8 
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Fig 4.8 CL Intensity vs. Position plot for semi-ellipsoidal mirror (a) X direction (b) Y 
direction (c) Z direction 
The optimum position of the semi-ellipsoidal mirror is identified based on the peak 
intensity in each of these plots.  The semi-ellipsoidal mirror is set in this position in 
“XYZ” directions during the actual experiments to ensure high collection efficiency. 
4.4 SYSTEM CALIBRATION 
The wavelength and time response are the two important parameters that need to be 
calibrated in a time-resolved CL system.  The wavelength calibration involves the 
spectrograph and the ICCD camera.  The time response calibration involves the beam 
blanker and the ICCD camera.  However since ICCD camera is the limiting factor of 
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the overall system performance, only ICCD camera gate time is verified for the time 
response. 
4.4.1 WAVELENGTH CALIBRATION 
The time-resolved CL system requires calibration for spectral measurements.  The 
ICCD camera is updated with the calibration curve based on the dispersion of the 
grating used in the spectrograph.  The grating characteristics vary according to the 
groove density, the number of grooves per unit length, normally expressed in g/mm.  
The spectral dispersion is defined as the ability of the grating to spread the incident 
light according to the wavelength and usually expressed in nm/mm.  The dispersion 
of the spectrograph influences the spectral resolution of the overall system and a 
wider spread per mm results in higher the spectral resolution.  The spectral dispersion 
(nm/mm) is related to the number of pixels (pixels/nm) in the ICCD camera at the 
spectrograph focal plane.  The number of pixels in ICCD depends on the pixel size 
which also decides the spectral resolution of the overall system, smaller pixel size 
results in more number of pixels per mm and hence higher the spectral resolution. 
The setup for spectral calibration is shown in Fig 4.9.  This spectral dispersion is 
related to the pixels array in the ICCD along the ‘X’ direction and the entrance slit 
height is related to the pixels array in the ICCD along the ‘Y’ direction.  
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Fig 4.9 Wavelength calibration setup 
A three-point wavelength calibration is carried out.  The ICCD camera is mounted at 
the focal plane of the spectrograph.  A set of calibration lamps is used for calibration 
ranging from 200 nm to 825 nm.   These lamps are pencil style lamps that produce 
narrow, intense lines from the excitation of various rare gases and metal vapors.  The 
lamps are manufactured by Newport [135] and come in six models with different 
emission lines as shown in Table 4.2 
Table 4.2 Lamps used for wavelength calibration [135] 
Model No. Type Emission lines (nm) 
6035 Mercury (Argon)   253.65, 313.18, 365.02, 404.66, 35.84, 
546.07, 576.96 
6033 Xenon  480.7 
6032 Neon  616.36, 638.3, 703.24, 724.52 
6030 Argon  696.54, 738.4, 750.39 
6031 Krypton  758.74, 829.81 
The 1200g/mm grating with blazing wavelength 500 nm is selected for calibration 
since actual time-resolved CL experiments are performed using this grating.  The 
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entrance slit width of the spectrograph is adjusted to 15 mµ .  The spectrograph centre 
wavelength is set to a wavelength corresponding to the emission lines which are 
detectable by the ICCD camera.  The ICCD camera is configured with longer gate 
time and longer integration times to get a high intensity image.  The centre 
wavelength setting in the spectrograph adjusts the grating and hence the blazing angle 
of incident light such that the set centre wavelength ( cλ ) appears at the mid position 
in the focal plane of the spectrograph. 
The light source is focused onto the ICCD camera through the spectrograph. A high 
intensity image is obtained in 4Spec software and this is translated to a curve.  The 
pixel number at which the maximum intensity of the curve occurs is noted.  This pixel 
number represents the centre wavelength and ICCD camera is adjusted along the X 
direction such that the mid pixel of the ICCD pixel array detects this maximum 
intensity.  This procedure ensures the centre of the ICCD pixel array is aligned to the 
centre of the dispersed light at the focal plane of the spectrograph.  It is observed that 
the maximum intensity always appears at pixel number 330 or 331 for different 
emission lines of the light source.  The number of pixels along X direction is 662 and 
therefore it is verified that the ICCD camera is aligned with the centre wavelength at 
the focal plane of the spectrograph. 
The dispersion spread in terms of number pixels at the focal plane is calculated as per 
the following procedure.  The centre wavelength is set to an observable emission line 
in Table 4.1 and it is verified that the center pixel in the ICCD pixel array detects the 
Chapter 4 Time resolved cathodoluminescence microscopy and spectroscopy system 
_____________________________________________________________________ 
 
  103 
maximum intensity.  The centre wavelength is changed to (centre wavelength +15 
nm) and the respective pixel number for the maximum intensity of the peak is noted.  
Again the centre wavelength is changed to (centre wavelength -15 nm) and the 
respective pixel number for the maximum intensity of the peak is noted.  The number 
of pixels for a spectral spread of 30 nm at this centre wavelength is calculated.  This 
process is repeated for various centre wavelengths and summary of the dispersion 
values at various centre wavelengths is given in the Table 4.2.  This table also shows 
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300.000 0.0629 41.640 
325.000 
350.000 0.0618 40.912 
375.000 0.0610 40.382 
400.000 
425.000 0.0605 40.051 
450.000 
475.000 0.0593 39.257 
500.000 
550.000 0.0577 38.197 
575.000 0.0568 37.602 
600.000 0.0556 36.807 
625.000 0.0551 36.476 
650.000 0.0542 35.880 
675.000 0.0534 35.351 
700.000 0.0532 35.218 
725.000 0.0524 34.689 
750.000 0.0520 34.424 




It is observed from dispersion chart that there is an increase in spectral dispersion at 
lower wavelengths.  This is due to the blazing angle and blazing wavelength of the 
grating used.  The diffraction is most effective at angle and wavelength of the 
incident light called as blazing angle and blazing wavelength respectively.   
The calibration data for the 4Spec software is derived from the dispersion values 
shown in Table 4.2.  The calibration is further verified by using the mercury argon 
lamp to relate the observed peaks with that of the standard emission lines of the 
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mercury argon spectrum.  The TRCL system is calibrated for a wavelength range of 
200 nm to 825 nm with various centre wavelengths in step of 25 nm for spectroscopy 
studies.   
4.4.2 ICCD GATE TIME VERIFICATION 
The ICCD camera gate time is determined by the pulse amplifier output applied to the 
photocathode of the image intensifier.  Therefore the pulse amplifier is calibrated for 
proper operation of the gate.  The ICCD gate time design specification is 200 ps with 
rectangular shutter transmission characteristics.  This feature is a key advantage over 
other gated ICCD cameras which normally has Gaussian-like transmission curve.  
Since the calibration is only done in factory environment due the precision electronics 
circuitry and intellectual property of the pulse amplifier used, a procedure is 
developed as part of this work to verify the gate operation at 200 ps for which it is 
calibrated. 
The ICCD gate time is verified using the experimental setup shown in Fig 4.10.  A 
picosecond laser is used as a light source to verify the gate operation.  The laser has 
pulse width of ~200 ps at FWHM with a repetition rate of 40 MHz.  The spectrograph 
centre wavelength is set to 0 nm for panchromatic mode of operation.  The ICCD 
camera is operated in direct external trigger mode triggered at 200 kHz using a 
frequency generator. The laser image is focused onto the ICCD camera. 
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Fig 4.10 ICCD gate time verification setup 
The laser pulse characteristic is shown in Fig 4.11 and the timing diagram for gate 
time verification is shown in Fig 4.12. The ICCD camera gate delay in 4Picos 
software is adjusted so as to synchronize the gate operation with that of the laser 
pulse.  The gate time was set at 200 ps and gate delay was adjusted in steps of 100 ps.   
The maximum intensity is observed for a gate time of 200 ps when the gate 
synchronizes with the peak intensity of the laser emission. 
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Fig 4.11 Laser pulse characteristics  
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The properties of GaAsP material are discussed and various recombination processes 
that occur in GaAsP material is presented.  The effect of phosphorous mole fraction 
in GaAsP material and its influence on recombination mechanism is discussed.  A 
GaAsP LED sample is investigated using TRCL system and yellow band emissions 
are studied. The minority carrier lifetime is determined from the TRCL 
measurements.  The effect of surface recombination under low electron beam 
acceleration voltages is also investigated.  The minority carrier lifetime variations 
around a defect site are studied and it is shown that minority carrier lifetime 
measurement is a useful tool to study the defects in a semiconductor.  The various 
recombination mechanisms are simulated in the GaAsP LED sample by altering the 
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excitation conditions.  Lastly spectra are obtained at different time windows during 
the excitation decay to study the multiple recombination mechanisms taking place 
during the decay of excitation in GaAsP LED. 
5.1 PROPERTIES OF GaAsP LEDS 
Gallium arsenide (GaAs) is a direct bandgap semiconductor with a bandgap of 1.426 
eV, emitting infrared light and Gallium phosphide (GaP) is an indirect bandgap 
semiconductor with a bandgap of 2.26 eV, emitting green light. Gallium arsenide 
phosphide (GaAsP) is an alloy of GaAs and GaP.  The addition of phosphorous 
increases the bandgap of GaAs and pushes the edge emissions to the visible spectrum.  
GaAsP is used for manufacturing yellow, orange and red light emitting diodes [136].   
A large lattice mismatch exists between the GaP and GaAs materials and this is 
normally reduced by growing a thick layer with graded phosphorous composition in 
the GaAsP layer.  The phosphorous composition is graded from 0 to 1 depending on 
the substrate material to the final desired alloy composition.  This reduces the density 
of dislocations and other crystal defects due to the lattice mismatch between the 
GaAsP layer and the substrate [137].  The density of the defects in the active GaAsP 
layer is proportional to the maximum composition gradient in the graded region 
[138]. A steep composition gradient results in higher defect density and reduces the 
luminescence efficiency of the LED [139].  Hence the graded composition layer is 
usually a thick layer of about 25 mµ . 
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GaAsP is normally doped with n-type dopants such as nitrogen to make it optically 
active.  When nitrogen is introduced, it replaces some of the phosphorus atoms and 
acts as an isoelectronic trap localized below the conduction band minimum.  The 
optical transition through a nitrogen level is shown in Fig 5.1.  The isoelectronic trap 
is normally neutral and an injected electron is first trapped at the isoelectronic center.  
The negatively charged center then captures a hole from the valence band to form a 
bound exciton.  The subsequent annihilation of this electron hole-pair yields a photon 
with energy equal to the bandgap energy minus energy approximately equal to the 
binding energy of the center. This additional radiative recombination through 
isoelectronic trap centers results in a high efficiency luminescence output.     
 
(a) Real space     (b) Momentum space 
Fig 5.1 Optical transitions in GaAsP material doped with an optically active nitrogen 
impurity [136] 
The band structure of the GaAs1-XPX material with nitrogen level is shown in Fig 5.2. 
GaAs1-XPX is a direct bandgap semiconductor for phosphorous mole fraction X<XC 
and indirect for phosphorous mole fraction X>XC, where XC is the phosphorous mole 







Momentum kp h=  
Chapter 5 Study of GaAsP Light Emitting Diode 
_____________________________________________________________________ 
 
  111 
band minima are equal in energy as shown in Fig 5.2(c).  The direct-indirect cross 
over occurs at phosphorous mole fractions of about 45~50% [136].  The band 
structure for direct bandgap and indirect bandgap configuration is shown in Fig 5.2(a) 
and (b).   The direct bandgap does not require any momentum conservation whereas 
the indirect bandgap requires momentum conservation during a recombination 
process.  The direct bandgap recombination is a radiative process and its energy is 
lower than the indirect bandgap.  Although the addition of phosphorous increases 
both direct and indirect bandgap energies, the direct bandgap energy increase is 
greater than the indirect bandgap energy.  GaAs1-XPX as an indirect bandgap 
semiconductor is relatively inefficient due to reduced radiative recombinations but 
this is increased by adding isoelectronic impurities [140].   
Fig 5.2 Band structure of GaAs1-XPX material for  various  phosphorous  mole  
fraction [140] 
Fig 5.3 shows the GaAs1-XPX bandgap and hence the wavelength dependence on the 
phosphorous mole fraction, one for direct bandgap with phosphorous composition 










(b) Cross over GaAs1-XPX 
X=0.45 
(c) Indirect bandgap GaAs1-XPX 
0.45>X>1 
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The bandgap energy varies from 1.42 eV to 1.98 eV for a phosphorous mole fraction 
of 0 to 0.45 and follows the characteristics curve “direct” in Fig 5.3.   The bandgap 
energy varies from 1.98 eV to 2.26 eV for a phosphorous mole fraction of 0.45 to 1 
and follows the characteristics curve “indirect” in Fig 5.3. 
 
Fig 5.3 Bandgap of GaAsP material [141] 
 
 
The internal quantum efficiency intη of the GaAsP LED is a function of the ratio of the 
radiative and non-radiative minority carrier lifetimes of the recombination process.  
For the GaAsP LED without isoelectronic materials doping, the free electron-hole 
recombination process dominates.  The internal quantum efficiency intη can be written 
as [136]: 
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int    (5.1) 
where rτ and nrτ are the radiative and non-radiative minority carrier lifetimes 
respectively. 
The radiative recombination rate depends on the free electron and hole concentrations 
and bandgap transitions normally yield a radiation recombination process. The non-
radiative recombination process is contributed by the Shockley-Read-Hall (SRH) and 
Auger recombination mechanisms.  SRH recombination dominates in a sample with a 
high defect concentration.  The recombination mechanisms are discussed in section 
5.2. 
In GaAsP:N, the presence of isoelectronic traps plays an important role in the 
recombination process intη  which is also a function of the trap capture rates in 
addition to rτ and nrτ . In order to increase the quantum efficiency, rτ must be 
decreased and nrτ must be increased.  However, nrτ depends on the quality of the 
crystal and maximum nrτ is achieved in a crystal with a minimum concentration of 
non-radiative centers.  The nature of non-radiative centers which limits nrτ  in most 
crystals include background impurities, stoichiometric defects such as gallium 
vacancies, crystal defects, strain etc [142].   
A single p-n junction is required to fabricate a LED and a uniform phosphorous 
composition GaAsP:N and acts as n type material.  The p-n junction can be formed 
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using different techniques and device performance is critically dependent on the 
technique.  The junction is normally grown by a p type diffusion or grown junction 
technique.  Zinc (Zn) is normally used as the p type dopant in the diffusion technique 
and if the Zn concentration is not properly controlled an excessive number of 
dislocations can be generated due to the different atom sizes of the Zn and host 
crystal lattice [143]. It is important to avoid any further reduction in nrτ due to the 
diffusion technique. Since nrτ cannot be increased for the given crystal, the ratio of rτ  
and nrτ can be decreased only by reducing rτ .  The relationship between rτ and the Zn 
concentration depends upon the nature of the recombination mechanism.  In the case 
of GaAsP, radiative recombination occurs as a result of an electron injection into the 
p-type region followed by the recombination with free holes.  Based on decay times 
observed in group III-V semiconductors [144] rτ  can be expressed as: 
pr /1010≈τ        (5.2) 
where p is the hole concentration in 3−cm . rτ  can be reduced by increasing the hole 
concentration in the recombination region and the internal quantum efficiency is 
increased.  However, an increase in Zn concentration is a tradeoff between reducing 
rτ  and nrτ  since a high level of Zn concentration leads to hole injection into the n 
type region which is largely non-radiative [145].  The considerations discussed here 
are more important in high quality crystals where nrτ  is long than in inferior crystals 
where nrτ  is short. Hence, the majority carrier concentration in p-type region of the 
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LED needs to be altered according to the quality of the crystal to obtain optimum 
device performance. 
5.2 CARRIER  RECOMBINATION MECHANISMS  
The carriers are generated in a semiconductor material in excess of their thermal 
equilibrium by means of optical excitation, electron bombardment or injection 
through a contact.  The carrier injection level is determined by the concentration of 
the excess carriers.  The semiconductor is said to be in a low level injection state if 
the excess carrier concentration is small compared to the majority carrier 
concentration and a high level injection state if the excess carrier concentration is 
comparable to or more than the majority carrier concentration.  The excess electron 
en and hole ep concentrations are given by [146]: 
0nnne −=        (5.3a) 
0pppe −=        (5.3b) 
where 0n and 0p are the equilibrium electron and hole concentrations respectively.   
The excess electron-hole pairs can recombine in two ways. If an electron in the 
conduction band drops directly into an unoccupied state in the valence band, the 
recombination mechanism is classified as direct band-to-band recombination.  
Alternatively, if an electron in the conduction band makes a transition to an energy 
level lying deep in the bandgap and subsequently captures a hole from the valence 
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band the recombination mechanism is known as indirect recombination.  In both 
recombination mechanisms, the change in energy is released as a photon or dissipates 
to the lattice in the form of phonons.  Alternatively, the energy is imparted as kinetic 
energy to a third carrier in a process called the Auger process.  The energy which is 
released as a photon is termed as radiative recombination and energy dissipated as 
phonon or Auger recombination is termed as non-radiative recombination [147]. 
5.2.1 DIRECT BAND-TO-BAND RECOMBINATION 
In direct band-to-band recombination, an electron in the conduction band recombines 
with a hole in the valence band which annihilates an electron-hole pair.  During this 
process, the electron loses energy equivalent to the bandgap the semiconductor 
material.  In a direct bandgap semiconductor material, the energy is emitted as a 
photon and the recombination is radiative.  In a indirect bandgap semiconductor, the 
band-to-band transition involves a large change in electron momentum and 
momentum is conserved through emission or absorption of a phonon. The radiative 










=τ  under high level injection    (5.5) 
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where in is the intrinsic carrier concentration, rG is the rate at which electron-hole 
pairs are generated radiatively under thermal equilibrium, DN donor concentration.  
GaAsP as an indirect semiconductor has a very low recombination coefficient and 
radiative lifetime is several orders of magnitude higher than the measured lifetime.  
Therefore the radiative recombination lifetime is insignificant and lifetime is 
controlled by indirect recombination via localized states in the bandgap. 
5.2.2 INDIRECT RECOMBINATION VIA DEEP LEVELS  
Impurities other than dopants and crystal defects introduce localized energy states 
deep in the bandgap away from the band edges.  These energy levels act as traps to 
capture an electron or hole or a recombination center.  The electron or hole capture 
probability at the recombination center is equal.  Thus, an electron capture is followed 
by a hole capture and results in annihilation of an electron-hole pair.  During this 
process, the energy is lost in two steps - part of energy is lost when the conduction 
band electron transits to a trap and the other part of energy is lost when the trapped 
electron recombines with a hole.  The energy is lost as a phonon in both the stages 
and the recombination is considered to be non-radiative [149].  
The recombination centers in the bandgap have more than one energy level, but in 
most cases only one energy level due to traps dominates the recombination process.  
The recombination process through a single energy level is shown in Fig 5.4.  In Fig 
5.4(a), the electron capture process involves an electron from the conduction band 
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which is captured by a trap with energy level tE .  The reverse process is an electron 
emission from a trap to the conduction band as shown in Fig 5.4(b).  Similarly, a hole 
capture process is shown in Fig 5.4(c), which represents the capture of a hole from 
the valence band by the trap.  The hole emission process is the reverse of hole capture 
process which is shown in Fig 5.4(d), where the trap captures an electron from the 
valence band leaving behind a hole in the band [149]. 
 
Fig 5.4 Schematic representation of electron-hole pair recombination through 
trap level recombination center [149] 
In order for a trap level to act as an efficient recombination center, the electron 
capture process must be followed by a hole capture process and both these processes 
have the same probability. On the other hand, if the electron capture process is 
followed by an electron emission process, then the center acts as an electron trap.  
Similarly for a hole capture process is followed by a hole emission process, the center 
is a hole trap.   The kinetics of the recombination process through trap levels can be 
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recombination model.  In samples with significant numbers of bulk defects which act 
as recombination centers, the relaxation of excess carriers is dominated by the SRH 
recombination mechanism.  Under steady-state conditions, the SRH recombination 
rate SRHR is given by [150]: 













where tN is the volume density of deep (traps) levels, nσ and pσ are the electron and 
hole capture cross sections, respectively, thV is the carrier thermal velocity, tE is the 
energy level of the trap, Bk is the Boltzman constant, T is the absolute temperature.  
The term )( 2innp −  indicates the deviation from the thermal equilibrium conditions.  
If both electron and hole traps act as non-radiative recombination centers (i.e., nσ = 













    (5.7) 
The SRH recombination rate is a function of )( it EE −  and the defect level is a trap 
and non-radiative recombination rate increases if || it EE −  is large and tE is located 
near either valence or conduction band.  The defect energy levels located near the 
band edges are called as shallow levels.  The thermal emission process due to 
recombination of shallow level with corresponding band dominates and results in 
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reduction of radiative recombination process. In other words, if tE moves away 
from iE toward the conduction band, then the probability of electron emission 
increases after an electron capture and trapped electron is emitted back to the 
conduction band instead of recombining with a hole.  Similarly tE if moves away 
from iE toward the valence band, the probability of hole emission increases after a 
hole capture process.  In both cases, the recombination center behaves as an electron 
or hole trap respectively.    On the other hand, if the defect energy level approaches 
the intrinsic energy level i.e., mid energy level of the bandgap, it acts as efficient 






=       (5.8) 
5.2.3 AUGER RECOMBINATION  
Auger radiative recombination is a three particle process in which either two electron 
and one hole or two holes and one electron are involved.  This type of recombination 
is possible for both direct band-to-band and indirect recombination process involving 
traps [151].   
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Fig 5.5 Schematic representation of electron-hole pair recombination through 
Auger recombination process 
The band-to-band Auger recombination for a direct gap semiconductor and indirect 
trap aided Auger process is shown in Fig 5.5.  In direct band-to-band Auger process, 
the recombination is either through two electrons and one hole (eeh) process as 
shown in Fig 5.5(a).  Here electron 1 in the conduction band makes a transition to an 
empty state 1’ in the valence band.  The energy of the electron-hole pair is then 
transferred to the nearby electron 2, which rises high in the conduction band to the 
state 2’.  The excited electron loses its kinetic energy as lattice phonons and returns to 
thermal equilibrium.  It must be also noted that the electron from the conduction band 
minimum will not recombine with a hole in valence band maximum in order to 
conserve the energy and momentum during the Auger process. The Auger 
recombination involving two holes and one electron (ehh) process is shown in Fig 
5.5(b).  In this process, the recombining electron 1 imparts its energy to a hole at 2’ 
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lifetime aτ  is defined as the lifetime of the excess minority carrier before it 





=        (5.9) 
where Aσ is a Auger recombination coefficient that is proportional to the transfer 
efficiency of energy to the majority carrier and N is majority carrier density. 
Direct band-to-band Auger recombination is proportional to the square of the carrier 
concentration since two carriers of the same type are required for the recombination 
process.   The high carrier concentration is achieved either through a heavy doping or 
with very high level injection.   
Trap-aided Auger process is also significant at high carrier concentrations.  The two 
types of Auger recombination through traps are shown in Fig 5.5(c) and 5.5(d). An 
electron trapped in a deep level recombines with a hole in the valence band by giving 
its energy to an electron in the conduction band. This process is shown in Fig 5.5(c) 
and is dominant only in a very heavily doped n-type semiconductor with a high 
concentration of traps located below the Fermi level.  Fig 5.5(d) shows recombination 
involving two holes and one electron.  The electron is captured by the trap in the 
bandgap and gives its energy to a hole in the valence band.  This process is dominant 
in heavily doped p-type semiconductor with large density of traps located above the 
Fermi level.   
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5.3 GaAsP LED SAMPLE  
The LED sample used in this experiment is a yellow surface emitting LED grown on 
a GaP substrate with GaAsP as an active material using vapour phase epitaxy (VPE).  
The cross sectional schematic of the LED is shown in Fig 5.6(a).    Nitrogen is doped 
into the constant composition GaAsP layer to introduce optically-active trap levels.  
A graded composition layer is grown on top of the GaP substrate prior to the constant 
composition GaAsP layer.   The phosphorous composition across the sample is also 
shown in Fig 5.6(b).  The p type layer is formed through diffusion.  The p-n junction 
formed is 6 mµ  in depth and the size of the overall chip is 300x300x185 3mµ .  







GaAs1-xPx  -  Graded x  
GaAs1-xPx – Uniform x  
p - diffusion 
p contact 
Z 
0.5 1 %P 
(a) (b) 
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5.4 STATIC CL IMAGING 
A Secondary Electron (SE) image and corresponding CL image are shown in Fig 
5.7(a) and (b) respectively, using the system described in Section 4.1.   The sample is 
imaged with electron beam acceleration voltage 25 keV.  The CL image in Fig 5.7(b) 
shows two locations, Location 1 is the defect-free site and Location 2 is the defect 
site.  Defect at Location 2 is an electron-beam induced defect.  The sample was 
stressed at Location 2 by a 30 keV, 1 Aµ  electron beam in spot mode for 60mins. 
   
(a) SE image            (b) CL image  
  
 Fig 5.7 GaAsP LED image (a) SE image (b) CL image 
A spectrum at two different locations was obtained using the static CL system 
described in Section 4.1.  The emission intensity from Location 2 is lower than the 
emission intensity observed at Location 1 as shown in Fig 5.8.  The reduced emission 
from Location 2 is attributed either to contamination build-up during prolonged e-
beam irradiation or defects created in the sample due to e-beam damage. 
Location 1 
Location 2 
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Fig 5.8 GaAsP LED CL spectrum acquired using static CL system 
The e-beam exposure time was approximately 15 mins and the spectrum obtained by 
moving the monochromator in steps of 1nm and 1000 samples were averaged in each 
step.  The best spectral resolution of the existing static CL system is 1 nm.  The peak 
emission from the LED active material is found to be at approx 583 nm.  A shoulder 
(shallow peak) at 675 nm is also seen.  
The spectrum obtained from the same GaAsP sample at Location 1 in Fig 5.8 using 
the newly developed system described in Section 4.2 is shown in Fig 5.9.  As it can 
be seen, the spectral resolution of the new systems is 0.26 nm with a spectral spread 
of 194 nm.  The exact peak in the CL spectrum of the LED sample is found at 585.79 
nm instead of 583 nm as noted from the CL spectrum obtained using the static CL 
system.   The spectrum is obtained at the same SEM conditions as used during static 
CL experiment and spectrograph center wavelength was set at 620 nm.  The ICCD 
gate time is set at 90 sµ  with 100 frame integration to acquire the spectrum.  It took 
just a second to complete the spectrum compared to 15 mins in the static CL system. 
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Fig 5.9 GaAsP LED CL Spectrum acquired at Location 1 in Fig 5.8, using TRCL 
system 
5.4.1 RESULTS AND DISCUSSION 
The spectrum shows a broad peak due to the band edge of the GaAsP including the 
presence of nitrogen impurities.  There is a shoulder at 681 nm which is not intense 
compared to the band edge emission. The presence of a shoulder peak can be 
attributed to presence of red Zinc-Oxide (Zn-O) pair due to p type diffusion [152].  
However, the intensity of this shoulder is reduced due to presence of nitrogen 
concentration.   A decrease in the Zn-O peak is also observed due to aging as seen in 
Fig 5.8.  There are no emissions corresponding to nitrogen NNx pair band emissions 
such as NN1 or NN3.  The presence of nitrogen atom pairs makes deep radiative 
centers due to large electronegativity of the nitrogen atom [152]. 
The CL spectrum obtained using the new TRCL system is able to resolve the 
spectrum with a resolution of 0.26 nm as shown in Fig 5.9.  The new TRCL system is 
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calibrated as explained in Section 4.4.1.  The sensitivity of the ICCD camera used as 
a photon detector in the TRCL system is higher than the PMT sensitivity used in the 
existing static CL system and therefore the number of samples required for CL 
measurements is reduced.  This reduces the e-beam exposure time on the sample and 
also the time required to acquire a CL spectrum.  The primary peak is resolved at 
585.79 nm in Fig 5.9 against 583 nm in Fig 5.8.  Also the shoulder peak is not as high 
in Fig 5.9 compared to the shoulder peak observed in Fig 5.8 and CL intensity 
variation among the spectra obtained in existing CL system and new TRCL system is 
attributed to the different sensitivity factor of the photon detectors.
 
It is shown from the above results that the newly-developed time-resolved 
cathodoluminescence system can be used to acquire CL spectra with a spectral 
resolution of 0.26 nm with shorter acquisition time.  This feature is applied to study 
the recombination process of the luminescence decay from the LED sample under 
various excitation conditions.   
5.5 TIME RESOLVED CL INVESTIGATION 
The GaAsP LED sample is analyzed using the newly developed TRCL measurement 
system. Time-resolved cathodoluminescence provides information on carrier 
relaxation and recombination dynamics.  The minority carrier lifetime is also 
determined.  The information obtained from the time-resolved luminescence study 
also helps in understanding the different recombination mechanisms in the bulk and at 
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the surface, change in optical properties under various excitation conditions, and the 
impact of defects on the luminescence efficiency of the LED.   
5.5.1 TRCL SIGNAL ACQUISITION 
In order to determine the best possible resolution of the newly developed time-
resolved CL system, panchromatic CL imaging at Location 1 in Fig 5.7 of the GaAsP 
LED sample is performed.  The spectrograph center wavelength is set to 0 nm.  This 
enables all the photons to enter the ICCD camera.  The test conditions shown in Table 
5.1 are used to perform panchromatic CL imaging. 
Table 5.1 Test conditions for panchromatic TRCL measurements 
Parameters  Value 
SEM Acceleration Voltage 30 keV 
SEM Probe Current  100 nA 
SEM Working Distance 11 mm 
Beam Blanker Trigger Frequency 200 kHz 
ICCD Gate Time 1 ns 
ICCD Gate Increments 1 ns 
ICCD Trigger Frequency 200 kHz 
ICCD Photocathode Gain 950 V 
ICCD Frame Integration 5000 frames 
The ICCD delay time was set to 0 ns to start the CL signal acquisition and ICCD gate 
time was incremented in steps of 1 ns to acquire 5000 samples in each step.  A 
spectrum is obtained beginning from the onset of electron beam excitation at t = 0 
using a gate time of 1 ns.  Fig 5.10 shows the CL signal during the entire electron 
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beam excitation.  The rise time of the CL signal is shorter than the fall time when the 




































Fig 5.10 Panchromatic TRCL signal of GaAsP LED sample 
5.5.2 CARRIER LIFETIME MEASUREMENTS 
Carrier lifetime is defined as the average lifetime taken by the excess carriers to 
recombine upon excitation of the semiconductor material from its equilibrium 
condition.  Carrier lifetime is often denoted as minority carrier lifetime since it 
denotes the lifetime of the excited minority carrier before it recombines.  Minority 
carrier lifetime is an important parameter that affects the recombination kinetics in the 
optoelectronic and semiconductor material. Excess carriers generated due to the 
excitation by means of electrical bias, optical or electron excitation, recombine to 
release energy in the form of photons, phonons or energy transfer to a third particle 
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[150].    Once the excitation is terminated, the minority carrier concentration decays 
exponentially with a characteristic time denoted as the minority carrier lifetime. 
Excess carriers generated in the semiconductor either recombine radiatively or non-
radiatively to revert to its steady-state equilibrium value. The rate of recombination of 
carriers per unit volume per second R is given by [150]: 
pnTR r )(α=        (5.10) 
where rα is a bimolecular recombination coefficient that is a function of temperature, 
p is the hole concentration, and n is the electron concentration. 
The recombination rate R is inclusive of the recombination of the carriers generated at 
thermal equilibrium.  For recombination of excess carriers, the net rate of 
recombinationU in excess of the thermal generation rate at a given temperature is 




dpU −=−=−= α     (5.11) 
where in is the intrinsic carrier concentration, given by: 
00
2 pnni =        (5.12) 
where 0n and 0p are the equilibrium electron and hole concentrations.   
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As long as 2inpn > , both the hole and electron concentrations, decay with time, 
indicating the recombination of excess carriers.  Besides the recombination of excess 
carriers in the bulk, the electron-hole pairs also recombine at the surface.  Equation 
5.11 is solved assuming the excess carriers generated is small, which is the case of, 
low-level injection and constant electron-hole concentration throughout the sample.  






τ       (5.13) 





=     (5.14) 





=    (5.15) 
where AN and DN are acceptor and donor concentration respectively in a 
semiconductor. 
Equations 5.14 and 5.15 describe the decay of excess minority carriers.  Since the 
electrons and holes recombine in pairs, the excess minority carriers decay at the same 
rate as the excess majority carriers.  However since minority carriers are smaller in 
availability, they lead the recombination.  Majority carriers follow the minority 
carriers which characterizes of the recombination process and hence the minority 
carrier lifetime. 
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There are numerous methods to determine the minority carrier lifetime.  However, 
most of the techniques are indirect methods.  Time-resolved photoluminescence is 
often used to determine the minority carrier lifetime but its spatial resolution is 
limited due to the minimum probe size and pulse width of the laser excitation source.  
Time-resolved cathodoluminescence is used as an alternative method to determine the 
carrier lifetime since it is a direct technique to determine the minority carrier lifetime.  
In TRCL measurement technique, electron beam is used as excitation source and an 
ability to vary the e-beam excitation conditions such as acceleration voltage and pulse 
width provides higher spectral and temporal resolution.  An estimate of average 
lifetime is determined from the TRCL measurements by measuring the time for which 
the intensity drops to 1/e of its initial value [180].  The effective lifetime includes 
radiative recombination lifetime rτ and non-radiative lifetime nrτ  in the bulk and also 
the surface recombination lifetime surfτ .  The effective lifetime is given by [150]: 
surfbeff τττ
111
+=       (5.16) 
nrrb τττ
111
+=       (5.17) 
ASRHnr τττ
111
+=       (5.18)  
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where nrτ minority carrier radiative lifetime, SRHτ is the SRH lifetime, and is 
the Aτ Auger recombination lifetime. 
5.5.2.1 ANALYSIS AND DISCUSSION 
TRCL measurements are performed at Location 1 in the GaAsP LED sample shown 
in Fig 5.7.  The test conditions shown in Table 5.2 are used to perform TRCL 
measurements.   
Table 5.2 Test conditions for carrier lifetime determination 
Parameters  Value 
SEM Acceleration Voltage 25 keV 
SEM Probe Current  50 nA 
SEM Working Distance 11 mm 
Beam Blanker Trigger Frequency 200 kHz 
Electron Beam Pulse Width 2500 ns 
Spectrograph Center Wavelength 585 nm 
ICCD Gate Time 1 ns 
ICCD Gate Increments 1 ns 
ICCD Trigger Frequency 200 kHz 
ICCD Photocathode Gain 950 V 
ICCD Frame Integration 5000 frames 
The decay profile at the end of the excitation pulse t = 2500 ns, is shown in Fig 5.11.  
The solid line shows the exponential fit for the decay.  The decay profile is found to 
be exponential for the said excitation conditions.  The single exponential decay in Fig 
5.11 confirms that the recombination takes place through a single mechanism.  
Radiative recombination seems to dominate at the defect free location under these 
excitation conditions due to low level of carrier injection.  Also surface 
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recombination effects are not seen since the electron beam excitation pulse width is 
long enough and establishes an equilibrium state for excess minority carriers in bulk.  
The single decay rate shows that recombination takes place predominantly in the bulk 
and carrier lifetime obtained from this profile is a direct measurement of minority 
carrier lifetime in the bulk bτ .  The time at which the instantaneous intensity drops to 
1/e of its maximum intensity is found to be 72 ns.  The measured lifetime is the 
minority carrier lifetime due to radiative band-to-band recombination since the non-
radiative recombination processes such as Auger recombination and SRH 
recombination are absent due to low excitation conditions, and the luminescence 

































Fig 5.11 Decay profile of GaAsP LED with exponential fit 
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To understand further the recombination mechanism in the bulk and at the surface, 
the excitation conditions are changed by changing the electron beam pulse width at 
low electron beam acceleration voltage. Thus the newly developed TRCL system is a 
useful characterization tool to determine the minority carrier lifetimes of the 
semiconductor and optoelectronic materials.  This technique can be further extended 
to map the minority carrier lifetime of the complete surface for defect characterization 
in the semiconductor and optoelectronic materials. 
5.5.3 SURFACE RECOMBINATION EFFECTS IN GaAsP 
LED  
Non-radiative recombination can occur at a GaAsP:N surface and the epilayer 
interface.  Surfaces present a strong perturbation of the periodicity of a crystal lattice.  
The discontinuity of the lattice structure due to dangling bonds and impurities at the 
semiconductor surface and interface introduces a large number of energy states in the 
forbidden gap, called surface states [153].  The presence of surface states act as non-
radiative recombination centers and greatly assists the recombination rate at the 
surface.  In addition, the presence of impurities and defects at the surface and the 
interface increase the surface recombination velocity of the minority carriers.  Hence 
the carriers generated in the semiconductor material either recombine in the bulk or 
diffuse to the surface and recombine at a rate determined by the surface 
recombination velocity.  
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The surface recombination lifetime surfτ  is defined as the lifetime of the carriers at the 
surface before recombination.   Surface recombination lifetime is a function of the 
surface recombination velocity, active layer thickness and minority carrier diffusivity.  
















      (5.19) 
where S is the surface recombination velocity, d is the thickness of the GaAsP:N 
active layer in the LED and D is the minority carrier diffusivity. 
From Equation 5.16, the effective lifetime is equal to the minority carrier lifetime in 
the bulk for low surface recombination rates.  Similarly for high bulk recombination 
rates, the effective lifetime is equal to the surface recombination lifetime.  In order to 
determine the surface recombination lifetime, it is important that the excitation 
volume remains at the surface.  Fig 5.12 shows the direction of electron beam 
excitation to explain the surface recombination effects in GaAsP LED due to 
excitation of short electron pulse on the surface of the active layer. 
Chapter 5 Study of GaAsP Light Emitting Diode 
_____________________________________________________________________ 
 
  137 
 
Fig 5.12 GaAsP LED surface recombination effect due to short 
electron pulse 
The electron-hole pair generated in sample with thickness d along z axis irradiated 
with the fast electron pulses on its 0=z can be described by a function [154]: 
)()(),( 0 tfzgtzg ϕ=       (5.20) 
where 0g and )(zϕ  are the total density of electron-hole pairs per unit time and their 
distribution at a depth z , respectively.  The function )(tf  is the pulse shape of 
excitation, either a Dirac )(tδ or a step function for a long pulse. 
The distribution of the generated pairs depends on the incident electron pulse 
acceleration voltage and intensity, sample atomic number and its density.  It has been 
shown that under the long excitation pulse, the distribution of generated pairs along 
the z axis reaches its equilibrium and its shape changes less than for a Dirac impulse 
[154].  On the other hand, after a Dirac impulse, this distribution changes with time 
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primary electron pulse acceleration voltage that controls the depth of the excitation 
volume.   
Surface recombination dominates in the sample that is finite and decay of the surface 
recombination is not characterized by a single decay but rather by a series of 
exponentials [155]. Surface recombination is less dominant under conditions where 
the sample is excited by a long excitation pulse and higher acceleration voltage.  The 
carrier lifetime is equal to the bulk recombination lifetime.  Hence, a short primary 
electron pulse, shorter than the bulk recombination time, and low primary electron 
beam acceleration voltage is used to study the surface recombination.  The ability to 
change the primary electron beam acceleration voltage and the pulse width in 
cathodoluminescence is used to study the surface recombination kinetics in the 
sample.   
5.5.3.1 ANALYSIS AND DISCUSSION 
TRCL is performed at defect free location in the GaAsP LED sample shown in Fig 
5.7.  The test conditions shown in Table 5.3 were used to perform TRCL 
measurements.  Two sets of measurements were done; one by changing the primary 
electron pulse width at low acceleration voltage of 15 keV and the other by changing 
the primary electron beam acceleration voltage for electron pulse width of 25 ns.   
The electron beam pulse duration is set to 25 ns and 50 ns.  The fast electron pulses 
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are irradiated on the sample surface z = 0 along the ‘z’ axis (depth) as shown in Fig 
5.12. 
Table 5.3 Test conditions for surface recombination study 
Parameters  Value 
SEM Acceleration Voltage 15,20,25,30 keV 
SEM Probe Current  100 nA 
SEM Working Distance 11 mm 
Beam Blanker Trigger Frequency 200 kHz 
Electron Beam Pulse Width 25, 50 ns 
Spectrograph Center Wavelength 585 nm 
ICCD Gate Time 1 ns 
ICCD Gate Increments 1 ns 
ICCD Trigger Frequency 200 kHz 
ICCD Photocathode Gain 950 V 
ICCD Frame Integration 5000 frames 
The time-resolved CL results obtained at two different electron beam pulse width 
with acceleration voltage of 15 keV are shown in Fig 5.13.  The results indicate two 
decay times and characterize an initial fast decay followed by a slow decay with for a 
electron beam excitation with pulse width of 25 ns.  The initial decay is labeled 
as 1τ and final decay is labeled as 2τ  on the asymptotic lines drawn through the data 
points. The initial decay is attributed the surface recombination of excess carries.  
Spectral TRCL is performed by changing the centre wavelength of the spectrograph 
to understand the involvement of multiple recombination process; however it was 
observed that time-resolved spectra is not time dependent.  Hence, the initial and final 
decay can be attributed to the high and low injection lifetimes, respectively due to 
surface recombination of the minority carriers.  At low injection, the surface 
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recombination dominates and starts to decrease as the injection level increases.  The 
results show that surface recombination is dominant in quasi-steady state condition.   
 
Fig 5.13 Decay profile of GaAsP LED as a function electron pulse width  
The non-exponential decay under short excitation pulse vanishes when the primary 
electron beam pulse width is increased to 50 ns.  This is due to a shift in the 
distribution of the excitation volume along z axis from the surface of the active layer.  
The active layer thickness is changed due to the change in pulse width of the primary 
electron beam.  The absence of initial non-exponential decay shows that the bulk 
recombination starts to dominate. The minority carrier lifetime at the surface of the 
sample τsurf is determined by fitting an exponential curve to the initial part of the 
τ1 
τ2 
τ1 Initial decay 
τ2 Final decay 
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decay curve and it was found to 10 ns.  The short minority carrier lifetime shows that 
surface recombination is dominates in the GaAsP LED at quasi-equilibrium state. 
The effect of primary electron beam acceleration voltage is studied under a short 
primary electron excitation pulse. The depth resolved CL spectrum is acquired first 
by changing the acceleration voltage from 15 keV to 30 keV and keeping the probe 
current constant to study the depth related properties across the LED sample by 
setting the spectrograph center wavelength at 585 nm. The CL data provides spectral 
and luminescence intensity information of the carrier recombination across the 
sample.  The time-resolved CL decay was acquired to study the decay process of 
varying primary electron beam acceleration voltages and electron excitation pulse of 
25 ns with a repetition rate of 200 kHz.  The electron beam is positioned in spot mode 
at Location 1 in Fig 5.7 which is a defect-free site.  The test conditions shown in 
Table 5.4 are used to perform both CL and TRCL observations. 
 The CL spectrum is shown in Fig 5.14 for primary beam acceleration voltages of 15, 
20, 25 and 30 keV.  The intensity increases with increase in primary electron beam 
acceleration voltage.  However, it was found there is no shift in primary peak of the 
spectra indicating that there is no multiple recombination process of the active 
material across its depth.  If the primary electron beam interacts with the GaAsP layer 
with graded phosphorous composition, the peak emissions are blue shifted due to the 
radiative recombination mechanisms in the increasing phosphorous composition in 
the graded GaAsP layer.   Thus, the primary electron beam conditions also ensure the 
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excitation volume is limited only to the active GaAsP:N layer of the LED with 
constant phosphorous mole fraction. It is estimated that the primary electron beam 
penetration depth is ~5 mµ  at 25 keV. The blue shift in the primary peak in the CL 
spectrum due to increase in phosphorous composition across the depth towards the 
GaP substrate is not observed in Fig 5.14. Though this investigation provides only 
qualitative information, TRCL decay is obtained to study the carrier recombination 
effects at the surface at primary electron beam acceleration voltages. 
 
Fig 5.14 LED CL spectra at various acceleration voltages 
The time-resolved CL results obtained at various electron beam acceleration voltages 
with a 25 ns excitation pulse are shown in Fig 5.15.  At low acceleration voltages, a 
non-exponential decay is evident which is not present as the electron beam 
acceleration voltage is increased.  The initial non-exponential part of the decay is due 
to large influence of the excess minority carriers at the surface at t=0.  This influence 
diminishes at higher primary electron beam acceleration voltages.  At 30 keV, the 
luminescence decay is found to be exponential and shows that the recombination of 
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excess carriers is predominantly in the bulk of the active layer in LED.  The minority 
carrier lifetime at the surface can be determined from the initial part of the decay and 
decreases with increasing acceleration voltage.  It is also observed that the effective 
lifetime from the exponential region does not change with the acceleration voltage 
and is equal to the bulk recombination lifetime.    This is because for large values of t, 
diffusion of the carriers has occurred, so their distribution is no longer determined by 
the generation function. 
 
Fig 5.15 LED decay profile of GaAsP LED as a function electron pulse 
acceleration voltage  
The above results show that TRCL measurements with varying electron pulse width 
and acceleration voltage can be used as a direct method to study the minority carrier 
lifetime at the surface.  This method of determination of surface recombination 
lifetime also helps to determine the true bulk lifetime since effective lifetime 
measured from the time-resolved measurements includes the surface recombination 
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lifetime.  It is also possible to determine the surface recombination velocity by decay 
profile analysis.  The influence of the pulse duration on the surface recombination is 
also verified and this technique provides a direct measurement of both surface and 
bulk recombination lifetimes. 
5.5.4 MINORITY CARRIER LIFETIME  MAPPING 
TRCL is used to investigate the minority carrier lifetime variations around a defect 
site in GaAsP LED.  The recombination process is studied at the defect site and 
minority carrier lifetime is also determined, Fig 5.16 shows the secondary electron 
image of the GaAsP LED showing defect sites with different sizes.  Such defect sites 
can results from oxidation, islands of non-uniform composition of dopants, faults in 
passivation layers, etc.  It is important to study the impact of these defect sites on the 
radiative recombination efficiency and underlying recombination mechanisms.  
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The recombination of excess minority carriers through defects or deep level traps is a 
non-radiative process.  The presence of defects assist the non-radiative recombination 
process through SRH recombination mechanism described in Section 5.2.2.   
5.5.4.1 ANALYSIS AND DISCUSSION 
TRCL measurements are performed at the defect Location 1 as shown in Fig 5.16. 
The following test conditions shown in Table 5.4 are used to acquire the 
luminescence decay.  Electron beam is pulsed at the defect center and electron beam 
is moved away on either direction from the defect center to acquire the luminescence 
decay at each locations.  The size of the defect site shown in Location 1 in  
Fig 5.16 is found to be 129 nm and electron beam spot size is approximately 100 nm.  
Hence the electron beam is moved insteps of 100 nm to study the luminescence decay 
near the vicinity of the defect. 
Table 5.4 Test conditions for minority carrier mapping 
Parameters  Value 
SEM Acceleration Voltage 25 keV 
SEM Probe Current  50 nA 
SEM Working Distance 11 mm 
Beam Blanker Trigger Frequency 200 kHz 
Electron Beam Pulse Width 250 ns 
Spectrograph Center Wavelength 585 nm 
ICCD Gate Time 1 ns 
ICCD Gate Increments 1 ns 
ICCD Trigger Frequency 200 kHz 
ICCD Photocathode Gain 950 V 
ICCD Frame Integration 5000 frames 
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The position of the electron beam with respect to the defect center is shown in Fig 
5.17.  The complete decay curve was obtained from the electron beam turn off period.  
This process is repeated by moving the electron beam in steps of 100 nm along the 
“X” direction shown in Fig 5.16. 
 
Fig 5.17 Electron beam positions w.r.t defect site in GaAsP LED  
The luminescence decay at each location near the vicinity of the defect center is 
shown in Fig 5.18.  The instantaneous CL intensity from the defect center is reduced 
due to non-radiative recombination of carriers in this location.  The instantaneous 
intensity increases as the electron beam position is moved away from the defect 
center. This observation is further confirmed by performing the time-resolved 
cathodoluminescence study at these locations.  The decay characteristic at the defect 
location where X = 0 nm shows a faster decay which is not exponential.  This 
indicates that the carriers recombine non-radiatively through SRH recombination 
mechanisms at defect locations.  As the electron beam is moved away from the defect 
location (X > 0 nm), the rate of decay increases and also forms a single exponential.   
However, as the electron beam excitation is close to the defect site  where X = 200 
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nm, luminescence emissions are reduced due to diffusion of carriers towards the 
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Fig 5.18 TRCL signal around the defect site of GaAsP 
The minority carrier lifetime τ is mapped as function of the distance of excitation 
point from the defect center as shown in Fig 5.19.   The minority carrier lifetime is 
shortest at the defect center and increases towards defect-free location.  The CL signal 
represents only the recombination of carriers that recombine radiatively and the 
lifetime associated with this process only provides the radiative lifetime τr.  It is clear 
from the results that non-radiative recombination mechanisms dominate at the defect 
location compared to the defect free location. 
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Fig 5.19 Minority carrier lifetime mapping for a defect site in GaAsP LED 
The above results demonstrate the usefulness of time-resolved cathodoluminescence 
system in defect analysis and finger printing.  However, it must be noted that the 
effectiveness of the defect finger printing depends on the CL signal acquired from the 
sample that depends on the primary electron beam interaction volume in the sample.  
The primary electron beam interaction volume depends on the primary electron beam 
acceleration voltage and electron probe current.   
5.5.5 EXCITATION DEPENDENCE ON CARRIER 
RECOMBINATION 
Carrier recombination process is studied here by changing the primary electron beam 
excitation conditions.  Since the primary electron beam acceleration voltage and 
electron probe current can be changed to alter the excitation interaction volume in the 
sample, this technique provides information on the recombination kinetics taking 
place in the bulk at high levels of excitations.  TRCL technique with varying electron 
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beam acceleration voltage provides information which can be used to study the 
optical properties across the cross section of the sample. This is a useful 
characterization method to study the material properties of the bulk, inhomogeneities 
across the sample, material compositional effects of a multilayer structure, structural 
defects across the cross section of the sample.  The primary electron beam 
acceleration voltage determines the depth related CL emissions from the sample.  The 
other factor that affects the interaction volume is the probe current.   
 
Fig 5.20 Primary electron beam interaction volume 
Any increase in primary electron beam acceleration voltage or the probe current 
increase the number of interactions with the carriers in the material.  This increases 
the carrier generation rate within the interaction volume as shown in Fig 5.20.  The 
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otherwise energy is released in the form of phonons or transferred to a third particle 
for a non-radiative process.  Increasing the acceleration voltage increases the carrier 
generation and recombination rate among free carriers.    At higher acceleration 
voltages and probe current, the sample is under high level of excitation resulting in 
increased carrier generation rate. The Auger recombination mechanism is the 
dominant recombination process at high injection levels.  Auger recombination 
process is a non-radiative mechanism in which energy is given to the third particle 
during the recombination process.  The Auger recombination mechanism is discussed 
in Section 5.2.3.  At low carrier injection levels, Auger recombination rate is very 
small and can be neglected for practical considerations. This is verified by acquiring 
the TRCL measurements and comparing the TRCL results obtained for various 
excitation conditions. 
5.5.5.1 ANALYSIS AND DISCUSSION 
The TRCL decay was acquired to study the decay process at high excitation levels 
with varying probe currents.  The following test conditions shown in Table 5.5 were 
used to perform both CL and TRCL observations.  The electron beam is positioned in 
spot mode at a defect-free site, Location 1 in Fig 5.7.   
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Table 5.5 Test conditions for excitation dependent measurements 
Parameters  Value 
SEM Acceleration Voltage 30 keV 
SEM Probe Current  100 nA – 1 µA 
SEM Working Distance 11 mm 
Beam Blanker Trigger Frequency 200 kHz 
Electron Beam Pulse Width 50 ns 
Spectrograph Center Wavelength 585 nm 
ICCD Gate Time 1 ns 
ICCD Gate Increments 1 ns 
ICCD Trigger Frequency 200 kHz 
ICCD Photocathode Gain 950 V 
ICCD Frame Integration 5000 frames 
TRCL measurement is performed for different injection levels.  The injection level is 
altered by changing the electron probe current from 100 nA to 1 Aµ  and keeping the 
electron beam acceleration voltage constant at 30 keV.  The TRCL results for various 
electron probe currents are shown in Fig 5.21(a) – (d).  The CL emissions are 
recorded including the onset of the excitation.  The rise time of the CL signal did not 
change appreciably for a change in probe current from 100 nA to 1 Aµ .   However the 
CL decay is changed appreciably when the electron probe current is varied.  It is 
observed from the TRCL measurements that the CL decay follows an exponential 
form at low excitation levels, for smaller probe current and deviates from the 
exponential form when the primary electron probe current is increased.  An 
exponential fit for the CL decay is also shown in Fig 5.21 as a guide to observe the 
deviation from the exponential form.  The decay at high level of excitation consists of 
multiple exponentials.  This change in decay profile and weak CL emissions at high 
level of excitation is attributed to the dominance of Auger recombination mechanism 
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that leads to non-radiative recombination.  Also other non-radiative mechanisms such 
as surface recombination and trap-assisted recombination are not considered to 
influence the decay under high excitation conditions in the bulk.  
 
Fig 5.21 TRCL profile of a GaAsP LED at various probe currents 
The CL intensity plotted against the electron probe current as shown in the Fig 5.22.  
This figure also shows a red dotted line as a visual guide to determine the linear 
dependence of the CL emissions on the primary electron beam current.  The 
instantaneous CL intensity increases linearly with the increase in probe current; 
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however the intensity increase starts to saturate when the probe current is increased 
beyond 500 nA. The observed non-linearity in the intensity change at higher 
excitation conditions may be attributed to the non-radiative recombination process 
due to Auger recombination, since the rate of Auger recombination increases with the 
increase in excitation levels. 
 
Fig 5.22 TRCL peak intensity versus electron probe current of a GaAsP LED  
The minority carrier lifetime of the emissions for various electron probe currents are 
determined from the decay profiles and it is noticed that the minority carrier lifetime 
decreases with increasing probe current.  The carrier lifetime is plotted as a function 
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Fig 5.23 Carrier lifetime versus electron probe current of a GaAsP LED 
The above analysis concludes that the TRCL system is a useful technique to study the 
recombination process at high level of injections.  The results also conclude that 
Auger recombination process is dominant at high level of injection. 
5.5.6 SPECTRAL TRCL INVESTIGATION 
The study of spectral response is a direct measure of the recombination process.  Here 
TRCL with spectral capability is used to acquire a spectrum at different time intervals 
during the excitation decay.  This technique provides useful information on the 
recombination processes due to carriers from various energy levels. This capability is 
used here to study the recombination process due to the presence of nitrogen 
distribution levels in GaAsP bandgap.  Several research works have been carried out 
to study the competition between the radiative recombination rate and energy transfer 
rate towards nitrogen levels
 
due to presence of Nx distribution levels [156]. 
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A TRCL spectrum at Location 1 in Fig 5.7 of the GaAsP LED sample is obtained at 
each time instance during the decay.  The ICCD gate delay is varied in to capture the 
spectrum at each time window.  The spectra obtained from the turn-off time of 
primary electron (50 ns) to 150 ns are shown in Fig 5.24.  The following test 
conditions shown in Table 5.6 were used to perform spectral time-resolved 
cathodoluminescence measurements. 
Table 5.6 Test conditions for spectral TRCL measurements 
Parameters  Value 
SEM Acceleration Voltage 30 keV 
SEM Probe Current  50 nA 
SEM Working Distance 11 mm 
Beam Blanker Trigger Frequency 200 kHz 
Electron Beam Pulse Width 50 ns 
ICCD Gate Time 10  - 40 ns 
ICCD Gate Increments 10 ns 
ICCD Trigger Frequency 200 kHz 
ICCD Photocathode Gain 950 V 
ICCD Frame Integration 100 frames 
Beam Blanker Trigger Frequency 200 kHz 
Fig 5.24 shows the CL spectra for various gate delays for the primary electron beam 
acceleration voltage of 30 keV.   Experimental results show that are multiple peaks 
(1), (2) and (3) in decay curve (A) as shown in Fig 5.24 during the initial delay (10 ns 
from the electron beam is switched off) and this disappears at longer delay times. The 
multiple peaks are weak in curve B and become flat in curve C with two peaks (1) 
and (2). Only one peak (1) in decay curve (D) is seen as shown in Fig 5.24.  In other 
words the broad spectral emission is observed during the initial recombination 
kinetics followed by a narrow peak emission with its peak red shifted as excitation 
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quenches.  This shows that the fast process with short lifetime is present during the 
initial decay and nitrogen bound exciton recombination with longer lifetime 
dominates at longer delay time.  The band emission dominates during the initial decay 
and recombination due to nitrogen
 
level dominates at the later part of decay. 
 
Fig 5.24 TRCL spectra of a GaAsP LED under pulsed excitation at 30 keV 
The above result shows that TRCL system is a useful characterization technique to 
study the carrier kinetics due to multiple recombination process taking place during 
decay.   
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The structural properties of GaN material are discussed and the importance of lattice 
parameters that determine the optical and electrical properties are discussed.    The 
growth techniques for InGaN/GaN QDs are discussed and InGaN/GaN QD samples 
are prepared to determine the optimal growth conditions by studying the optical 
properties by various characterization techniques.  The threading dislocation is 
discussed in detail because of its common presence among GaN materials and optical 
properties are studied due to impact of this defect.  The TRCL measurements show 
that the growth conditions largely effect the density and size of these defects and its 
impact on luminescence efficiency of the QD.  The effect of indium segregation on 
the optical and structural properties of InGaN/GaN quantum dot is discussed.  TRCL 
is used along with other characterization techniques to confirm that the growth 
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conditions have a direct influence on the optical and structural properties of the 
InGaN/GaN QD.  It is shown that the luminescence efficiency and the wavelength are 
determined by the indium composition of the QD which is altered by the growth 
conditions such as indium pre-deposition, TMIn flow rate and the growth 
temperature. 
6.1 PROPERTIES OF InGaN MATERIAL 
6.1.1 STRUCTURAL PROPERTIES 
InGaN/GaN Quantum Dots (QDs) is a direct bandgap semiconductor that crystallizes 
normally in hexagonal wurtzite crystal structure.  It may crystallize also in cubic 
zincblende crystal structure on some specific substrates such as 3C-SiC (cubic unit 
cell), Si and MgO, along [100] direction [157].  The two most common structures, the 
hexagonal wurtzite and the cubic zincblende, differ only in the spatial arrangement of 
inter-atomic bonds of the atoms of the two neighboring stacks. Since sapphire is the 
most commonly used substrate for InGaN/GaN quantum structures, the structural 
properties based on wurtzite lattice structure is discussed here. 
Fig 6.1 shows the atomic arrangement in wurtzite crystal structure formed by 
hexagonal double layers, one consisting of nitrogen and the other a group III element 
such as Ga or In [75].  The stacking order for the wurtzite structure is formed by 
…ABAB… stacks of (0001) planes along the [0001] direction.  The wurtzite 
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structure is represented by two interconnected hexagonal close packed (hcp) sub 
lattices shifted by 5/8 of the lattice parameter c along the c-axis, [0001] direction.   
 
Fig 6.1 Atomic structural arrangement of wurtzite lattice [75] 
The bulk material properties of the InN and GaN are shown in Table 6.1.  The 
important parameters are the lattice constants “a”, along perpendicular direction and 
“c”, along z direction since these parameters determine the physical and electrical 
properties of semiconductor. The bandgap energy gE for the InN and GaN is also 
shown in the Table 6.1. 
Table 6.1 Material properties of InN and GaN wurtzite lattice structure [75] 
 InN GaN 
Lattice constant “a” [nm] 0.3545 0.3189 
Lattice constant “c” [nm] 0.5703 0.5185 
Bandgap energy [eV] 1.89 3.44 
InGaN/GaN quantum structures grown on sapphire substrates exhibit high level of 
strain induced between the Ga or In atom in the grown layer and the substrate due the 
lattice constant mismatch.  The difference between the lattice constants of the 
substrate and film produces a deformation of the growing film that affects its optical 
N 
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properties and energy levels including bandgap energy gE  [158].    The deformation 
can be classified into two types, namely, compressive strain since the in-plane lattice 
constant of the epilayer is larger than the substrate, and tensile strain since the in-
plane lattice constant of the epilayer is smaller than the substrate.  The compressive 
and tensile strain is shown schematically in Fig 6.2 where the Z-direction is direction 
of growth.  The strain is relaxed through the growing film pseudomorphically up to 
the critical thickness (hc) depending on the amount of lattice mismatch and the elastic 
properties after which strain is released as dislocations [158].  The dislocations are 
detrimental and affect the optical and electrical properties of the quantum structures.  
The effect of dislocations is further discussed in Section 6.3.  
 
Fig 6.2 Schematic representation of strain associated with lattice mismatch in 
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The strainε developed in the epilayer due to lattice mismatch is related to the applied 












































































































where ijC are the elastic constants.  Based on general symmetry properties, it can be 
shown that there are only five independent elastic constants C11, C12, C13, C33 and C44 
shown in Table 6.2. 
Table 6.2 Elastic and Piezoelectric constants of InN and GaN wurtzite lattice 
structure [75] 
 InN GaN 
Elastic constants C11 [GPa] 223 390 
Elastic constants C12 [GPa] 115 145 
Elastic constants C13 [GPa] 92 106 
Piezoelectric constant e13 [C/m2] -0.57 -0.35 
Piezoelectric constant e33 [C/m2] 0.97 1.27 
The epilayer grown in the “Z” direction, defined in Fig 6.2 has zero stress in the 
growth direction and has in-plane symmetry in the X and Y directions.  As a 











=ε       (6.2) 
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=ε        (6.3) 
where a , b and c are lattice constants of the strained epilayer and 0a , 0b and 0c are the 
lattice constants of the unstrained substrate.   
6.1.2 OPTICAL PROPERTIES 
The optical properties of the InGaN/GaN quantum structures is altered based on the 
radiative recombination mechanisms due to alloy potential fluctuations, quantum dot 
like indium phase separations, spontaneous polarization and strain induced 
piezoelectric polarization [159].  In this section, only spontaneous emission 
characteristics based on carrier localizations in potential variations due to alloy 
fluctuations and/or phase separation and built in internal electric fields due to strain 
induced piezoelectric polarization is discussed since the growth conditions for the 
samples used only affect these two mechanisms [160]. 
The carriers are localized at band tail states of potential fluctuations induced by alloy 
disorder, impurities, interface irregularities and/or QD regions in the InGaN well 
layer.  The indium incorporation in QDs dominates radiative recombination process 
by carrier localization in indium rich regions [161].  The main radiative 
recombination process is mainly attributed to the exciton localization at deep traps 
originating from phase separated indium (In) rich QDs [162].  The localized excitons 
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enhance the quantum efficiency since they are bound in QDs and do not diffuse to 
nearby defect sites to recombine non-radiatively.   
InGaN/GaN quantum structure is an alloy of two binary materials GaN and InN, 
therefore it inherits the optical characteristics of the binary constituents according to 
the indium composition.  The bandgap energy gE can be varied in the full visible 
spectrum from the red (InN, gE =1.9 eV) to the near ultraviolet (GaN, gE =3.42 eV).  
The bandgap of the InGaN alloy is given by [163]: 
)1()()1()()( xBxGaNExInNxExE ggg −−−+=   (6.4) 
where x is the indium composition and B is the bowing parameter which is dependent 
on the indium composition.  The normal value of b  is found to be 1 eV. 
Piezoelectric fields are generated by the strain induced in the superlattice due to the 
lattice mismatch between the superlattice and the substrate.  The polarization fields 
depend on the symmetry of the strain components and orientation of the field is 
determined by the superlattice growth axis.  The piezoelectric field iP  is proportional 
to the strain and given by [164]: 
jiji eP ε=        (6.5) 
for =i 1,2,3 and =j 1 to 6, where ije are the piezoelectric constants shown in Table 
6.2.  The number of independent piezoelectric constants is reduced to three due to the 
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The polarization charges generate built-in internal electric field of several MV/cm 
and are directed along the growth direction.  This electric field alters both the 
electronic energy levels and wave functions.  As a result, the luminescence quantum 
efficiency and peak energy shift can be attributed to the significant piezoelectric 
fields.   
6.2 DETAILS OF InGaN SAMPLE 
InGaN/GaN QDs can be formed by two methods as shown in Fig 6.3.  The first 
method is through natural growth of dots because of indium rich clusters formation 
during metal organic chemical vapour deposition (MOCVD).  In this case, the indium 
composition in InGaN layer is highly inhomogeneous [165].  The second method is to 
voluntarily grow the dots through the Stranski-Krastanov (SK) growth mode regime 
that normally occurs in highly strained semiconductor materials [166].  The self 
developed growth mode induces deep potentials in the three dimensions (3D) that 
gives rise to the formation of QDs.  The QDs trap the carriers and increase the 
radiative efficiency because of carrier localization and avoids the diffusion of carriers 
to the non-radiative recombination centers such as dislocations and traps.  On the 
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other hand, SK growth mode forms 3D islands due to the relaxation of the InGaN 
layer and these islands are capped by the barrier to form QDs.  The 3D island in the 
InGaN is the origin of the QD formation. The InGaN layer is homogeneous in the SK 
mode of growth whereas it is inhomogeneous in natural growth mode due to indium 
clustering.  In other words, indium clusters acts as QDs in an inhomogeneous InGaN 
quantum well in two dimensions (2D). 
 
Fig 6.3 Representation of InGaN QD formation [166] 
In this research work, the QDs are grown using the natural growth mode in MOCVD 
reactor [167].  The InGaN quantum dots are grown on undoped GaN surface using a 
MOCVD reactor to determine the optimal growth conditions for white LED 
fabrication with high luminescence efficiency.  Fig 6.4 shows the cross-section of the 
InGaN/GaN QD sample. The sapphire substrate is treated at 1050 C°  in hydrogen 
ambient prior to GaN buffer layer growth.  A 30 nm GaN buffer layer was grown on a 
c-plane sapphire at 520 C° .  An undoped GaN layer of 1.5 mµ thickness is grown on 
Island 
QW 
3D islands QDs in 3D islands 
Quantum Well QDs in quantum wells 
3D 
Inhomogeneous InGaN Homogeneous InGaN 
2D 
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top of the GaN buffer at 1050 C° . Five periods of InGaN/GaN quantum structure are 
subsequently grown on the undoped GaN at various growth conditions at constant 
reactor pressure of 200 Torr in nitrogen ambient.  Trimethlygallium (TMGa), 
trimethylindium (TMIn) and ammonia (NH3) are used as precursors for the Ga, In and 
N sources respectively.   
 
Fig 6.4 Cross section of InGaN/GaN QD sample 
Three samples A, B and C, with different TMIn flow rates, TMIn pre deposition time 
and InGaN growth temperature shown in Table 6.2., are prepared.  The well and 
barrier layers are undoped.  For all the samples, TMIn flow is introduced for a time 
ranging from 9 s to 18 s prior to the growth of the InGaN layer.  The TMIn flow rate 
is also varied from 200 sccm to 400 sccm by keeping the TMGa and NH3 flow 
constant during the InGaN layer growth for samples.     The growth temperature is 
x 5 
GaN 15nm (Barrier Layer) 
InGaN QDs (Well Layer) 
Undoped GaN 1.5µm    
Low T - GaN buffer 30nm 
(0001) - Sapphire 
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varied from 700 C° to 720 C°  and all other growth conditions are the same. The 
indium composition of the InGaN QDs is expected to be around 30%. The threading 
dislocation (TD) defect density in GaN is approximately 2x109 cm-2. 
Table 6.3 Growth conditions for InGaN/GaN QD samples 
Sample InGaN growth 
temperature (oC) 
TMIn flow (sccm) TMIn burst  
duration (sec) 
A 700 400 18 
B 700 300 15 
C 720 200 9 
6.3 STUDY OF THREADING DISLOCATIONS (TDs) 
IN InGaN/GaN QUANTUM STRUCTURES 
Threading dislocation (TD) is a common defect in GaN based materials due to the 
lattice mismatch of the GaN epilayer and sapphire substrate.  Previous publications 
have focused on understanding the mechanisms responsible for efficient performance 
of InGaN/GaN quantum structures such as the emission wavelength, high 
luminescence efficiencies at high defect densities etc [168].  It has been reported that 
the dislocations do not act as non-radiative recombination centers and the external 
quantum efficiency of GaN based LEDs is high [169].   However, there have also 
been reports which explain that the reduction of such dislocations in GaN LEDs 
improve the lifetime of the device [170].    In this work, TRCL is used together with 
photoluminescence and transmission electron microscopy techniques to understand 
the affect of threading dislocations on the recombination mechanism in GaInN/GaN 
QDs.   
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The large lattice mismatch and thermal coefficient differences between the GaN 
epilayer and the substrates like sapphire or silicon carbide (SiC) lead to defects such 
as threading dislocations, stacking faults, inversion domains etc.  The other reason for 
defects created in InGaN/GaN quantum structures is due to the lower growth 
temperature in range of 700~800 C°  used for GaInN quantum structures with 
sufficient indium composition.  However, this low temperature increases the defect 
density in GaN due to the large atomic binding forces.   Among these various 
structural defects, TDs attract much interest since it affects InGaN/GaN quantum 
structure optical properties.  TDs are of two primary types, namely edge dislocation 
and screw dislocation [171].   The third type is the mixed dislocation which is a 
combination of edge and screw dislocation.  The dislocation can be defined by means 
of two parameters namely the dislocation line and the Burgers vector “b”.  The 
dislocation is defined as a line that separates the unaffected part of the crystal from 
the affected part of the crystal. It represents the line of propagation of the dislocation.  
Burgers vector describes the magnitude and direction of the dislocation in the lattice.  
An extra half plane of atoms is introduced in the crystal with edge dislocation.  The 
Burgers vector is perpendicular to the dislocation line.  The Burgers vector of a screw 
dislocation is parallel to the dislocation line.    If the dislocation line is neither 
perpendicular nor parallel to the Burger vector, then the dislocation is a mixed 
dislocation.   The edge and screw dislocations along with the dislocation line and 
Burger vector are shown in Fig 6.5 
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Fig 6.5 Edge and Screw dislocations with dislocation line and Burgers vector 
“b” in GaN [157] 
Treading dislocations originating from the GaN layer extends through the quantum 
structure and terminated on the surface in the form of pits.  These pits vary in shape 
and are generally called etch pits [172].  The schematic representation of these pits is 
shown in Fig 6.6. The first type is TD terminated with an etch pit in the shape of well 
defined inverted hexagonal pyramid.  This is a“α” type etch pit and looks like a “V” 
shape in a cross section.  The second type of defect is TD terminated with an etch pit 
in a shape of unclear inverted hexagonal pyramid and looks like a combination of 
triangular and trapezoidal shape in cross section.  This type of etch pit is represented 
by a “β” etch pit.  The last type of defect is TD terminated with an etch pit in a shape 
of unclear inverted hexagonal pyramid, but looks like a polygonal shape in a cross 





Chapter 6 Study of InGaN/GaN Quantum Dots 
_____________________________________________________________________ 
 
  170 
 
Fig 6.6 Schematic representation of etch pits in InGaN/GaN quantum 
structures [172] 
The “α” type etch pit is due to screw dislocations or nano pipes. The “β” type etch 
pits are due to mixed dislocations originated from the GaN layer and “γ” type etch 
pits originate from edge dislocations.  All these etch pits are also referred as “V” pits 
or “V” defects.  It has been reported that “V” defects are not only formed at the origin 
of TDs but also at the stacking mismatch boundaries (SMBs) related with stacking 
faults (SFs) generated due to the strain relaxation [173].  The schematic 
representation of “V” defect formation due to TD and SMB is shown in Fig 6.7.  It 
was reported that “V” defects are normally formed in InGaN/GaN quantum structures 
with In composition more than 20% that results in increased strain. The “V” defects 
due to SMB induced by stacking faults are more prominent in high strained quantum 
structure with low density of TDs.  However, in the case of highly strained quantum 
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structure with high density TDs, there is a decrease in “V” defects density due to 
SMB and most the “V” defects originated from the TDs. 
 
Fig 6.7 Schematic representation of “V” defect formation [173] 
6.3.1 RESULTS AND DISCUSSION 
The secondary electron (SE) image taken by FESEM is shown in Fig 6.8.  The 
imaging is done using JEOL JSM 6700F FESEM with a spatial resolution of 2.2 nm 
at 1 keV. The etch pits shown are similar in contrast and are in the shape of well 
defined inverted hexagonal pyramid.  The size of the etch pits vary to a large extent in 
sample A compared to samples B and C.  However, the etch pits size are nearly 
consistent in sample C.  The etch pits are not uniformly distributed in all three 
samples.  The sizes are shown in Fig 6.8 and tabulated in Table 6.4 for comparison.  
It is observed that the etch pits with smaller size are higher in density and also 
grouped together.  This is not the case for etch pits with larger size which are more 
evenly distributed.  This is true for all the samples though the etch pitch density of 
SMB SF TD “V” Defect 
“V” Defect 
(a) “V” defect due to SMB (b) “V” defect due to TD 
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smaller size pits is low in sample C.  The “V” defect density is determined from the 
FESEM images because of its high resolution and is indicated in Table 6.4. 
   
      (a) Sample A        (b) Sample B 
        
             (c) Sample C 
Fig 6.8 SE image of InGaN/GaN QD samples A, B and C 
Table 6.4 Summary of TD and “V” defect density in InGaN/GaN QD samples 
Sample  GaN TDs 
density   
(cm-2) 
Plan view FESEM 
“V” defect density 
(cm-2) 
“V” defect size 
(nm) 
CL intensity (a.u) 
@ 518nm 
A 2x109 7.26x108 50~135 0.77 
B 2x109 8.98x108 20~135 0.38 
C 2x109 4.82x108 60~160 1.00 
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To understand the origin of the “V” defects, the cross section of the “V” defects is 
imaged with PHILIPS CM300, 300 keV FEG TEM, which has a resolution of 0.17 
nm.  The samples ware prepared using focused ion beam (FIB) technique to avoid 
damage during the sample preparation.  Fig 6.9 shows the cross-section TEM images 
of sample A, B and C.  It is observed that all the “V” defects are terminated with “α” 
type etch pit originating from the TDs.  There are no “V” defects originated from 
SMB induced by stacking faults in all three samples.  Also, there were no “V” defects 
terminated with “β” type etch pits and “γ” type etch pits.  A “V” shape is clearly seen 
and consistent with all the “V” defects in all three samples. It was also observed that 
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      (a) Sample A        (b) Sample B 
 
 
         (c) Sample C 
Fig 6.9 TEM image of InGaN/GaN QD samples A, B and C 
CL technique is applied to study the impact on the optical properties of the 
InGaN/GaN QDs due to presence of the “V” defects.  CL and TRCL are performed 
for all the samples in spot mode from the surface with the test conditions shown in 
Table 6.5. 
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Table 6.5 Test conditions for CL measurements 
Parameters  Value 
SEM Acceleration Voltage 10 keV 
SEM Probe Current  20 nA 
SEM Working Distance 11 mm 
Beam Blanker Trigger Frequency 200 kHz 
ICCD Gate Time 0.75ns 
ICCD Gate Increments 0.75ns 
ICCD Trigger Frequency 200 kHz 
ICCD Photocathode Gain 950 V 
ICCD Frame Integration 10000 frames 
Fig 6.10 shows the CL spectra of the three samples.  Sample A has dual peaks at 487 
nm and 522 nm and these QD peaks make the spectral emissions broad in the visible 
range.  Sample B also has dual peaks but slightly red shifted by 5 nm and again the 
spectral emission is broad similar to Sample A.  The luminescence intensity of the 
emissions from sample B is weaker than sample A.  Sample C has a prominent peak 
at 518 nm and a shoulder at 481 nm and does not have dual peaks.   The prominent 
peak at 518 nm is more intense compared to the peaks observed in samples A and B.  
The wavelength shifts and the intensity variations observed in spot spectra among 
various samples may be due to either the strain fields of the dislocations that change 
the piezoelectric field strength locally or due to local indium composition 
fluctuations.  These issues are discussed in Section 6.4.  
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Fig 6.10 CL spectra taken from the surface of InGaN/GaN QD samples 
The “V” defect density varies among the three samples as observed in plan view 
FESEM imaging and the defect density is tabulated in Table 6.4.   The intensity of the 
luminescence emissions from Sample C is highest while Samples A & B are 77% & 
38% of Sample C, respectively.  This shows luminescence efficiency is a function of 
“V” defect density in the InGaN/GaN QDs and possibly the “V” defects act as non-
radiative recombination centers.   
TRCL measurement is performed in the vicinity of the “V” defect location to 
understand the recombination mechanisms.   Sample C was selected for this 
measurement since the “V” defect size was bigger and also the density is much less 
than in samples A and B.  Time-resolved CL measurement was performed from the 
surface and the location is selected such that the “V” defect size is biggest, 
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approximately 149 nm and electron beam is positioned in spot mode and moved away 
from the center of the “V” defect as shown in Fig 6.11.  The electron beam spot size 
was measured to be 100 nm and other test conditions for TRCL measurement remain 
the same as in Table 6.5.    
 
Fig 6.11 Locations and positions for CL measurements in InGaN/GaN QD 
Fig 6.12 shows the CL spectra obtained at room temperature at various positions in 
location 1 in Fig 6.11. The CL spectra show the peak at 487 nm and 522 nm at all 
three positions.  The 522 nm peak is attributed to the recombination of the excited 
carriers in indium rich QDs.  The emission intensity of this peak is consistent in all 
the three positions P, M and N.  However, the 487 nm peak intensity varies with 
position and is weakest in position M, where the majority of the primary electron 
interacts with the QDs in the TD core and minimal interaction with the side walls of 
the “V” defect.   The 487 nm peak is attributed to the exciton localization in QDs 
Location 1 
Location 3 Location 2 
 (Across cross section) 
“V” defect 
M N P 
Positions 
(a) Locations (b) Positions         
at Location 1 
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formed near the side wall of the TD core.  As the side wall of the “V” defect grows, 
the indium composition in the QDs formed near the side wall is highly 
inhomogeneous.  This results in increased Ga incorporation and reduced In 
incorporation near the side wall of the “V” defect which leads to a broad spectrum 
with a weaker emission at 487nm in location P.  The side walls favor the indium rich 
QD formation away from the side walls due to abrupt change in energy levels at the 
side walls of the “V” defect.  Thus, increased indium incorporation in the QDs is 
formed away from the side wall of the “V” defects.  This is shown in Fig 6.13 with 
the primary electron beam excitation volume at different positions.  When the 
electron beam is moved away from the TD core and towards the side wall of the 
inverted hexagonal pyramid, the CL spectra show the increase in 487 nm peak.  The 
abrupt change in 487 nm peak intensity supports exciton localization in the indium 
rich QDs formed in the well layer below the side wall of the “V” defect.   There is 
also a slight red shift in 487 nm peak as the excitation location is changed from 
position M to P and this is attributed to the strain fields generated by the TD that 
change the piezoelectric field strength locally.  This electric field again strongly 
favors the local In composition near the TD core. This is further confirmed by TRCL 
measurements at 487 nm.   
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Fig 6.12 CL spectra from a “V” defect in InGaN/GaN QD at different 
positions shown in Fig 6.11(b) 
 
Fig 6.13 Indium rich QD formation near the vicinity of “V” defects and 
primary electron beam excitation volume marked in red in InGaN/GaN QD 
during CL study 
The CL intensity line scan at room temperature for spectral wavelength of 487 nm is 
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optical properties across the TD core.  The primary electron beam spot size is ~100 
nm and this limits the resolution of the CL measurements.  The resolution also 
depends on the diffusion of minority carriers generated by the primary electron beam 
excitation.  The diffusion of minority carriers depends on the minority carrier 
diffusion length and it is assumed that the “V” defect originated from the TD as a one 
dimensional carrier sink with non-radiative recombination rate along the c-axis of the 
growth direction.  This assumption is supported by other studies on TDs in 
InGaN/GaN QDs [174].   The minority carrier diffusion process has an exponential 















RIrI o exp1)(      (6.7) 
where oI is a constant, R is the distance from the dislocation and L is the minority 
carrier diffusion length.   
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Fig 6.14 CL intensity line scans at a “V” defect in InGaN/GaN QD at 
different positions in Location 1 as shown in Fig 6.11(a) (0 nm is the at the 
core of the TD) 
The CL intensity is lowest at the center of the “V” defect core originating from the 
TD which is a non-radiative recombination center.  As the electron beam excitation 
position is moved away from the center of the “V” defect towards the side wall and 
then to the bulk, the intensity of the luminescence emissions is increased.  The CL 
emission intensity increase from the TD core towards bulk agrees well with the 
exponential dependence as in Equation 6.7.  The reduction in luminescence at the TD 
core compared to the bulk is approx 40%.    The amount the reduction depends on the 
minority carrier generation that again depends on the primary electron beam 
excitation conditions such as the electron probe spot size, acceleration voltage and 
probe current.   
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In order to further understand the carrier relaxation and recombination in the “V” 
defects, TRCL is performed by positioning the electron beam at various positions M, 
N and P of the “V” defect as shown in Fig 6.11.  The transient CL decay curves 
versus time are acquired at positions M, N and P as shown in Fig 6.15.  The TRCL is 
performed with the test conditions as shown in Table 6.5 and electron beam is pulsed 
at 100 ns.  The spectrograph center wavelength is set to 487 nm to study the peak 
emissions, whose intensity varies across the TD core.  The ICCD delay time was set 
to 94.75 ns to start the CL signal acquisition and ICCD gate time was incremented in 
steps of 0.75 ns to acquire 5000 samples in each step.  The emissions from the QD is 
detectable for a ICCD gate time 0.75 ns and any gate time smaller than this limits the 
detection ability of the ICCD. However, with this condition, the time resolution can 
be improved to 200 ps by increasing the frame integration but this increases the 
sampling time to acquire the complete decay.  A trade off is made here to keep the 
time resolution at 0.75 ns and number of frames for each sample to 10000.   
 
Chapter 6 Study of InGaN/GaN Quantum Dots 
_____________________________________________________________________ 
 


































Fig 6.15 TRCL intensity measurement at a “V” defect in InGaN/GaN QD at 
different positions as shown in Fig 6.11(b) 
The CL decay lifetimes obtained from the TRCL measurement shows a longer decay 
lifetime in the bulk, position “P”, compared to the decay lifetime obtained from other 
positions M, N.  The carrier lifetimes are determined to be 3 ns, 1.5 ns and 0.75 ns by 
exponential fit at location P, N and M, respectively.  A strong correlation is observed 
between the carrier lifetime and CL intensity.  The carrier lifetimes are longer for 
higher CL intensity emissions and shorter for lower CL intensity emissions.  The 
reduced lifetime at location “M” can be attributed to the non-radiative recombination 
of the minority carriers at the TD core.  This is in agreement with the model that the 
TD core has infinite non-radiative recombination centers and there are no radiative 
emissions at the TD core.  The TRCL results confirm the absence of indium rich QDs 
at the TD core and walls of the “V” defects. 
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In summary, the “V” defect in InGaN/GaN QDs is studied using the SEM, HRTEM 
and TRCL characterization techniques.  It is observed that all the “V” defects 
originated from the TDs in GaN epilayer and no “V” defects originated from the SFs.  
This finding is used to conclude that the “V” defects only originated from TDs in the 
GaN epilayer at low indium composition (X<40%) InGaN/GaN QDs.  The “V” defect 
density varies among the three samples A, B and C, though all of them are grown on 
the same substrate.  However, the growth conditions, especially the InGaN growth 
temperature plays a major role in formation of “V” defects.  Sample C has lowest 
density of “V” defects which is grown at 720 C°  and sample A has the highest 
density of “V” defects.   
The indium rich QDs are formed further away from the side walls of the “V” defect.  
The side walls of the “V” defect favors Ga incorporation into the QDs formed near 
the “V” defect side wall.  This leads to formation of QDs with higher inhomogeneity 
of indium composition.  Hence higher TD in the GaN increases the “V” defect 
formation resulting in broad emissions due to inhomogeneous indium composition of 
InGaN/GaN QDs. 
The luminescence measurements from the samples further indicates that the emission 
intensity is dependent on the “V” defect density and sample C has highest 
luminescence efficiency.  TRCL measurements across the “V” defect show the 
indium segregation due to the strain field created along the TD core.    
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6.4 OPTICAL AND STRUCTURAL  PROPERTIES OF 
InGaN/GaN QDS 
The light emission intensity of InGaN based optoelectronic devices is strongly 
influenced by the non-homogeneous distribution of indium rich QDs.  The indium 
compositional fluctuation may be due to several mechanisms such as strain induced 
island formation [175], spinodal decomposition [176], composition pulling effect 
[177] and surface segregation effect [178].   However, it is difficult to form QDs with 
high indium composition due to the large lattice mismatch between the InN and GaN 
[179].  In this work, the effect of the indium compositional homogeneity of indium in 
QD and interfacial abruptness on the optical and structural properties of InGaN/GaN 
QDs is studied.  The compositional homogeneity and interfacial abruptness is altered 
through varying growth conditions such as TMIn flow rate, indium pre-deposition 
time prior to InGaN QD formation and well growth temperature. 
6.4.1 INDIUM SURFACE SEGREGATION IN 
InGaN/GaN QDS 
The important issue in growing InGaN quantum structures is the surface segregation 
of indium to the barrier layers.  Indium surface segregation has a significant impact 
on the indium composition profile in InGaN/GaN quantum structures along the 
growth direction.  There have been reports that suggest two principal reasons for 
surface segregation [180].  The first reason is due to a delayed incorporation of 
indium into InGaN at the growth front of the well layer [181].  The second reason is 
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due to penetration into the barrier layer after TMIn supply to the growth surface is 
terminated [182].  This leads to graded indium composition on both interfaces of the 
InGaN/GaN quantum structures.  There are several growth techniques employed to 
obtain InGaN quantum structures with a high crystalline quality and interfacial 
abruptness of the indium rich QDs.  The growth techniques use different growth 
conditions such as the doping concentration, thickness, growth temperature of barrier 
layers, well layer thickness, growth interruption between the growth of well and 
barrier layers, etc.   
Indium pre-deposition on the GaN barrier layer prior to the InGaN well layer growth 
provides a nucleation layer for subsequent InGaN QD growth and also results in 
improvement in interfacial abruptness at the well/barrier interface.  Similarly, growth 
interruption prior to the GaN barrier layer growth desorbs the indium floating layer 
and reduces the penetration of indium into the barrier layer to improve the interface 
abruptness of the surface.   
6.4.2 INDIUM COMPOSITIONAL INHOMOGENEITY IN 
InGaN/GaN QDS 
There is a lack of understanding on the role of indium compositional homogeneity on 
the optical properties of InGaN/GaN QDs.  The luminescence emission intensity of 
InGaN based optoelectronic devices is strongly influenced by the non-homogeneous 
composition of In and formation of indium rich QDs. The emission spectra of the 
InGaN based optoelectronic devices depends on the average indium concentration of 
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the well layer and this can be determined by luminescence measurement techniques 
discussed later in this chapter.  However, local indium composition of the nanometer 
scale QDs is more difficult to determine.  The indium composition is a vital 
parameter in bandgap engineering of the InGaN based optoelectronic devices. 
A broad spectral emission from InGaN based optoelectronic can be achieved by 
varying indium composition in the well layer.  The indium composition in the well 
layer is affected by the solid phase miscibility gap due to large lattice mismatch of 
GaN and InN [183].  The miscibility gap is also altered by the growth parameters 
such as TMIn precursor flow rate, TMIn treatment prior to growth, well layer growth 
temperature, growth pressure etc.  However, growth of high indium rich QDs requires 
low temperature for indium incorporation but leads to degraded crystalline quality at 
low temperature.  It was also reported that the In incorporation in QDs increase 
significantly when the growth temperature is reduced and In content higher than 70% 
can be achieved when the growth temperature is reduced below 670 C°  [184].   
6.4.3 RESULTS AND DISCUSSION 
The affect of TMIn flow and indium predisposition (burst) time on the indium 
incorporation to the QDs is studied at a growth temperature of 700 C° .  Samples A 
and B, with growth conditions in Table 6.3 were selected for this investigation since 
only the TMIn flow rate and indium pre-deposition time is changed and other growth 
conditions remain the same.  Sample C is selected to study the affect of growth 
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temperature on the interfacial abruptness since the InGaN QD layer is grown at 
higher temperature compared to samples A and B but with reduced TMIn flow and 
indium pre-deposition time.  Photoluminescence (PL), Cathodoluminescence (CL), 
High Resolution Transmission Electron Microscopy (HRTEM) and X-ray Diffraction 
(XRD) techniques were used to analyze the indium compositional fluctuation and the 
interface abruptness of the QD layer in all the three samples.  The results obtained 
from PL, CL, TRCL, HRTEM and XRD are presented and discussed in the following 
sections.  
6.4.3.1 PHOTOLUMINESCENCE 
The optical properties of the samples were investigated by means of 
Photoluminescence technique.  The emissions from the surface of the samples were 
studied at room temperature.  The sample is excited by a He-Cd laser (λex=325 nm) 
and emissions were studied in the spectral range 350 to 700 nm. 
The PL spectra for the samples are shown in Fig 6.16.  Sample C has the strongest PL 
emission among the three samples and hence higher emission efficiency. The PL 
emission from sample A is stronger than sample B.   The spectrum for sample C 
contains narrower peak compared to the spectra obtained from samples A and B.  
There are also o fringe patterns obtained from PL measurements and these fringes are 
attributed to the photon interference in the underlying GaN film.  These results show 
that the samples with longer burst duration and higher TMIn flow have non-
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homogeneous indium composition and generate emissions with broad peaks 
compared to sample C.  It is expected that the sample C prepared with lower TMIn 
flow rate and shorter burst duration does not favor the formation of indium rich QDs 
and hence yields low luminescence emission efficiency.  However, the luminescence 
efficiency of the sample C is highest among all three samples and in order to 
understand the mechanisms responsible for the strong luminescence efficiency, the 
well/barrier interface is studied.  The well/barrier interface abruptness is studied using 
other characterization techniques to understand the affect of strain relaxation that 

































































Fig 6.16 Photoluminescence spectra of InGaN/GaN QDs 
Since the laser excitation pulse in the PL technique creates a bigger excitation volume 
from the InGaN/GaN QD sample, an electron beam is used to excite the well layers.  
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Also the light interface from the GaN layer introduces artifacts that lead to multiple 
peaks in the spectrum measured by the PL technique.  Hence, it is important to use 
alternative techniques to measure the true emissions from a smaller excitation volume 
of samples.  Cathodoluminescence measurement is performed as alternative technique 
to study the optical properties of the InGaN/GaN QD.   
6.4.3.2 CATHODOLUMINESCENCE 
Cathodoluminescence technique is employed to better understand the optical 
properties in nanometer scale and to measure only the true emissions from the 
samples.    Cathodoluminescence measurements are performed in spot mode on the 
well layer across the cross section of the samples.  The electron beam is positioned in 
spot mode on the well layer of the sample, Location 2 shown in Fig 6.11(a).   The 
electron beam position is changed to Location 3 shown in Fig 6.11(a), to study the 
spatial dependence of the luminescence along the well layers.  It is observed there 
was not much change between Locations 2 and 3 in Fig 6.11(a).  This implies indium 
compositional homogeneity is uniform across the well layer.  The primary electron 
beam excitation volume is reduced by using a lower acceleration voltage of 10 keV 
and probe current of 50 nA.  The primary electron beam spot size is found to be ~100 
nm which is bigger than the QDs and this still leads to generation of minority carriers 
in a few well layers of samples.  The CL spectrum is obtained at room temperature 
from Location 2 in Fig 6.11(a) for all the samples.   
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Fig 6.17 CL spectrum from InGaN well layers from Location 2 in Fig 
6.11(a) 
Fig 6.17 shows the CL spectra at Location 2 for the three samples.  The interference 
fringes observed in Photoluminescence spectra is absent in the CL spectrum.  This 
shows that the CL spectra only show the true emissions from the QDs.  A broad 
spectrum with dual peaks is observed from samples A and B with a full width at half 
maximum (FWHM) of 95 nm and 90 nm, respectively.  Sample C has a stronger peak 
at 518 nm and a weak shoulder at 487 nm.  The FWHM for sample C is 60nm and 
smaller than that of samples A and B.  The spectral broadening in samples A and B 
may be attributed to lateral fluctuations of the indium composition of QDs in the well 
layer. The indium compositional fluctuations are also observed in XRD 
measurements presented later in this chapter.  This shows the samples grown at 
higher TMIn flow rates and longer indium pre-deposition time have high indium 
composition fluctuation in QD formation.  Also, the emissions from sample C is the 
strongest followed by sample A and sample B.  The indium composition in InGaN 
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QD is increased as the TMIn flow rate and burst time is increased.  This is confirmed 
from the CL results for samples A and B.  However, the emission intensity from 
sample C is strongest at lower TMIn flow rate and burst time, though the spectral 
broadening is absent.  This result confirms that the InGaN growth temperature plays 
an important role in addition to the TMIn flow rate and burst time in determining the 
luminescence efficiency.  This is due to the interfacial abruptness on the 
luminescence emission efficiency in addition to local indium composition in QDs.  
The spectra obtained from Locations 2 and 3 in Fig 6.11(a) from all three samples 
show little variations in emission wavelength and only the intensity varies.  The shift 
in wavelength indicates the lateral variations in indium composition of the QDs at the 
well layer.  However, the wavelength shift is very small and since the electron spot 
size is still large enough to excite multiple QDs with different indium composition in 
the well layer.  The TEM image at higher magnification shows contrast variation in 
nanometer scale that implies indium fluctuation in QDs.  This is further discussed in 
HRTEM results.  
The intensity vs. wavelength plot for the three samples is shown in Fig 6.18.   It is 
observed from the plot that the growth conditions with shorter indium pre-deposition 
time and lower TMIn flow rate favors the indium composition to be highly 
homogeneous and results in intense luminous emissions.  However, the growth 
temperature for the Sample C is increased and it plays a major role in interfacial 
abruptness between the well and barrier layers.  This increases the radiative 
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recombination rate and hence luminescence efficiency.  The samples grown at lower 
temperature with longer indium pre-deposition time and higher TMIn flow rate has a 
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Fig 6.18 CL peak positions & intensity as function of TMIn flow rate and 
indium pre deposition time for InGaN/GaN QDs 
6.4.3.3 TIME RESOLVED CATHODOLUMINESCENCE 
The effect of Indium compositional fluctuations on the optical properties is further 
studied with the TRCL system.  TRCL measurement is performed to further 
understand the carrier relaxation and recombination in InGaN/GaN QD samples.  
TRCL is done at room temperature by positioning the electron beam at Location 2 
shown in Fig 6.11(a).  The TRCL is performed with the test conditions as shown in 
Table 6.6.  The excitation conditions were kept constant for all the samples to ensure 
that the recombination process is not affected by injection levels.   
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Table 6.6 Test conditions for TRCL measurements 
Parameters  Value 
SEM Acceleration Voltage 10 keV 
SEM Probe Current  50 nA 
SEM Working Distance 11 mm 
Beam Blanker Trigger Frequency 200 kHz 
Electron Beam Pulse Width 50 ns 
Spectrograph Center Wavelength 0 nm 
ICCD Gate Time 0.75ns 
ICCD Gate Increments 0.75ns 
ICCD Trigger Frequency 200 kHz 
ICCD Photocathode Gain 950 V 
ICCD Frame Integration 10000 frames 
The transient CL decay curves versus time for all the three samples are shown in Fig 
6.19(a), (b) and (c).  The CL decay times are obtained by exponential fit.  A strong 
correlation is observed between the carrier lifetime and CL intensity.  The sample C 
with the longest carrier lifetime of 5.75 ns has the highest CL emissions.  The carrier 
lifetimes for sample A and B are 3ns & 2.25 ns, respectively, as CL emission 
intensity is lower in these samples.  The reduced lifetime in samples A and B can be 
attributed to defects due to the highly strained interface between the QD layer and 
barrier layer.  The defects acts as non-radiative recombination centers and also 
strongly influence the indium compositional homogeneity. The non-radiative 
recombination influences the total lifetime of excess minority carriers generated 
during the excitation.  It was also observed that the decay profile from sample C is 
nearly exponential while the decay profiles from samples A and B deviate from 
exponential fit.  This clearly shows the multiple recombination mechanisms are 
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taking place in Samples A and B with a initial faster decay followed by a slower 
decay. 
 
    
 
Fig 6.19 TRCL spectrum from InGaN QDs for the 3 Samples A, B and C 
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There are reports that state the emissions from InGaN/GaN quantum heterostructures 
originate from radiative recombination of excitons localized in the indium rich 
potential rich minima due to indium in homogeneity [185].  It is also reported that the 
indium rich regions reduce crystalline quality and interface abruptness [186].  The 
minority carriers generated in the indium rich QDs are confined within the energy 
levels and result in radiative recombination.  The carriers generated in the low indium 
composition QDs and well layer drift towards non-radiative defects generated due to 
strain.  This results in non-radiative recombination and reduces the total emission 
efficiency.   
The recombination mechanisms responsible for radiative emissions can be modeled 
based on the emissions result from the transitions in the sub band energy levels in 
QDs.  The recombination of localized excitons in QD deep energy levels results in 
spontaneous and stimulated emissions. The different energy levels are created by in 
homogeneous composition of the indium in QDs.     
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Fig 6.20 Carrier recombination kinetics model in InGaN QDs [187] 
The carrier recombination kinetics model is shown in Fig 6.20.  The localized states 
have an energy level LSE  that is dependent on the indium composition in QD and 
number of localized states also called as density of states depends on the 
concentration of indium dots in the QD layer.  The defect energy level DE depends on 
the type of defect and originates from the threading dislocation or the lattice strain 
between the QD and barrier layer.  The minority carriers generated due to the electron 
beam excitation either diffuse to the localized states or to the defect sites for radiative 
or non-radiative recombination, respectively.  The rate of diffusion of minority 
carriers to the localized states represented by LSη  is determined by the density of 
states and rate of diffusion of minority carriers to the defect sites, represented by Dη , 
is determined by the density of defect sites.  Therefore, the minority carrier 
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radiative recombination mechanism dominates and the minority carrier lifetime is 
longer if the density of localized states is higher than the density of defect sites.   
The dependence of minority carrier lifetime on photon wavelength is studied by 
performing TRCL at various wavelengths for Sample C at Location 2 in Fig 6.11.  
The test condition is the same as shown in Table 6.5.  The spectrograph center 
wavelength was changed in steps of 10 nm for a spectral range of 470 nm to 540 nm.  
The carrier lifetime is calculated based on the exponential fit and plotted against the 


















Fig 6.21 Carrier lifetime as a function of emission wavelength for InGaN QDs for 
Sample C 
The minority carrier recombination lifetime increases with the emission wavelength 
and saturates at 530 nm.  This increase in minority carrier lifetime can be attributed to 
local indium fluctuations and higher the indium concentration results in emissions at 
higher wavelength.  The higher indium composition will have high density of 
localized energy levels that enhance the radiative recombination process and the 
emissions are intense.  The lower indium composition QDs will have lower number 
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of localized energy states and generated minority carriers will migrate to the available 
energy states to recombine radiatively.  Hence the radiative recombination rate is 
proportional to the density of localized energy states which is dependent on the 
indium composition.   
6.4.3.4 HIGH RESOLUTION TEM 
The indium inhomogeneity and interfacial abruptness in the InGaN/GaN QDs are 
studied with HRTEM imaging.   Cross sectional HRTEM images of all the three 
samples showing the InGaN layer formation with the GaN barrier layers are shown in 
Fig 6.22.  It is observed that the well and barrier thickness are not the same for all the 
samples.  The well thickness is found to be 4.4 nm, 10.9 nm and 12.6 nm for samples 
A, B and C, respectively.  It is also observed that the InGaN layer interface 
abruptness is not consistent for the three samples and varies significantly.  This is 
clearly seen in higher magnification TEM image.   
 
       (a) Sample A        (b) Sample B        (c) Sample C 
Fig 6.22 TEM images of InGaN/GaN QD samples A, B and C at magnification 55kX 
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The TEM image taken at higher magnification is shown in Fig 6.23 and shows a 
different contrast level which can be attributed to the varying indium compositions.  
The high resolution image also shows strong contrast between the InGaN and GaN 
interface due to the local strain associated with the lattice mismatch between the 
InGaN QDs and the GaN barrier layer.  This change is well observed in high 
magnification images, Fig 5.23(a) and Fig 5.23(b), for samples A and B, and shows a 
large lattice mismatch between the well and barrier layer.  This can be attributed to 
the large variation in indium composition of the QDs formed in the well layer.  
However the well/barrier interface for sample C is not strained and this is seen in Fig 
6.23(c). Thus, those samples with high degree of strain increase the indium clustering 
phenomenon in InGaN/GaN quantum structures.  
This indium surface segregation has a great impact on the indium composition of the 
QDs along the growth direction.  This also leads to penetration of indium into the 
barrier layer even after the TMIn flow has been terminated.  As a result of this 
degraded interface abruptness, the well/barrier interface has a graded composition 
profile which is clearly seen in the TEM image.   
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      (a) Sample A        (b) Sample B        (c) Sample C 
Fig 6.23 TEM images of InGaN/GaN QD samples A, B and C at magnification185kX 
The indium compositional variation of the QDs along the well layers is also seen in 
HRTEM images as shown in Fig 6.23(a), (b) and (c).  Sample A and B show strong 
dark contrast variations whereas the contrast variations in Sample C are more 
uniform.  The contrast variations can be attributed to the lattice strain associated with 
the lattice mismatch between the InGaN QDs and the barrier. The image also shows 
contrast is of uniform size in sample C which indicates that the QDs are consistent in 
size with homogeneous indium composition.   The contrast variations in sample A 
and sample B are highly irregular which shows that the QDs formation is not 
consistent; hence the indium composition of the QDs is highly non-homogeneous. 
6.4.3.5 X- RAY DIFFRACTION 
XRD measurement is performed for all the samples to confirm the non-homogeneity 
of the indium composition and the strain relaxation between the InGaN QD layer and 
the barrier layer observed from other results.  XRD measurements were carried out 
using CuK radiation, monochromated by the (111) reflection of a Ge(440) crystal. 
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The results of XRD analysis for the (0002) reflection from the InGaN/GaN QD are 
shown in Fig 6.24.  The strongest peak in each spectrum is due to the GaN epilayer.  
Spectrum from sample C shows higher order diffraction peaks with small full width 
half maximum (FWHM) values which can be attributed to the good periodicity of the 
superlattices (SLs) and the superior interfacial abruptness between well/barrier layers.  
However, the spectra from samples A and B show less number of satellite peaks 
indicating non-uniform SL periodicity and degraded interface between the 
well/barrier layers.  The presence of higher order SL peaks indicates that the interface 
between the QD layers and barriers are abrupt with little inter diffusion between Ga 
and In atoms.   
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Fig 6.24 XRD pattern of InGaN/GaN QDs 
The average indium composition of the QD and barrier layer can be determined from 
the relative positions of the zeroth and higher order peaks in XRD spectrum.  A 
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simulation is performed using Panalytical X’Pert software based on the dynamical 
theory of X-ray diffraction.  This is used to determine the well & barrier layer 
thickness along with the average indium composition of the InGaN/GaN sample.  The 
results are tabulated in Table 6.7.   




















B 700 300 15 27 487 77 91 10.90 
A 700 400 18 28 487 89 105 12.60 
C 720 200 9 22 518 100 55 4.40 
The intent of this work is to determine the optimal conditions for InGaN/GaN QDs 
growth with broad spectral emissions at high intensity.  In summary, the effect of 
TMIn flow rate, indium pre-deposition prior to InGaN QD formation and growth 
temperature on optical and structural properties of the InGaN/GaN QDs are studied.  
Various characterization techniques were used to confirm the findings and to analyze 
the optimal growth conditions for InGaN/GaN QDs.  The newly developed Time-
resolved CL technique is used to investigate the recombination mechanisms in the 
InGaN/GaN QDs.   
The results show indium pre-deposition prior to QD growth, TMIn flow rate and 
growth temperature significantly influence the optical and structural properties of the 
InGaN/GaN QDs.  PL and CL results for samples A and B show a broad spectrum 
whereas the sample C shows a narrower peak.  The broader peak due to presence of 
multiple peaks is generally regarded as the evidence of presence of indium 
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compositional homogeneity in the well layer [188].  However, it was reported that the 
multiple peaks observed from InGaN QDs are not always due to the indium 
compositional in-homogeneity, but also due to different degrees of strain relaxation 
[189].   The strain relaxation is studied from the results obtained from HRTEM 
imaging and the XRD spectrum.  Samples A and B show a highly strained interface 
between the QD layer and barrier layer that leads to degraded interface abruptness.  
On the other hand, Sample C shows strain relaxed interface that makes superior 
interface abruptness.  The intensity of emission from Sample C was highest followed 
by sample A and B.   
TRCL measurements are done for the all the samples and results show the sample C 
has the largest minority carrier lifetime indicating recombination is predominantly 
through radiative mechanisms.  However, the carrier lifetime from CL measurements 
for samples A and B shows significant reduction and agrees with the luminescence 
intensity levels observed from CL and PL experiments.  Sample B has the smallest 
carrier lifetime among all samples.   
The indium compositional homogeneity in QDs is also a strong function of growth 
temperature due to extremely high equilibrium vapour pressure of InN.  Sample C 
grown at 720 C°  shows QDs with homogeneous indium composition across and 
along the QD layer.  Samples A and B have non-homogeneous indium composition 
with indium segregation to the interface layers.  
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Increased TMIn flow rate and indium pre-deposition time prior to InGaN QD growth 
in sample A result in high intensity and broad spectral emissions.  Even though 
Sample C has high luminescence emission intensity at lower TMIn flow rate and 
shorter indium pre-deposition time, its spectral emission is narrower.  The intense 
emissions from sample C can be attributed to the defect-free interface of the QD layer 
due to improved interface abruptness and carrier confinement in the QDs.  This 
increases the radiative recombination rate over the non-radiative recombination 
process at defect-site.  The narrow spectrum in Sample C is attributed to the 
homogeneous composition of indium in QD layer at higher growth temperature, 
shorter indium pre-deposition time and smaller TMIn flow rate.   
Sample B has a similar emission spectrum as Sample A since both are grown at same 
temperature but at shorter indium pre-deposition time and smaller TMIn flow rate 
compared to Sample A.  However, the intensity of emissions from Sample B is 
weaker than Sample A due to degraded interface abruptness that leads to high density 
of defect centers.   
Based on the above results, InGaN/GaN QDs can be formed with broad spectrum 
with intense emissions by increasing the TMIn flow rate with longer indium pre-
deposition time prior to InGaN growth at increased temperature.   
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A novel time-resolved measurement has been designed, built and tested for its 
performance.  These performance specifications enable us to characterize 
semiconductor and optoelectronic materials including large bandgap materials such as 
nitrides and arsenides. This technique enables us to capture simultaneous spectral 
information in picosecond time scale.  Also, spectral capability enables us to plot 
(3D) CL decay profile over time and spectral axes.  The system performance has been 
demonstrated by studies of GaAsP and InGaN materials.  Lastly suggestions are 
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proposed to improve the system performance in terms of temporal and spatial 
resolution. 
7.1.1 TRCL SETUP 
The system design is based on a sequential acquisition technique using a gated ICCD 
as a photon detector.  This sampling approach provides a better overall time 
resolution close to that of a streak camera.  The design is selected for a TRCL system 
with best possible performance specifications by leveraging the available components 
at CICFAR and minimizing the investment on new equipment.  The gated ICCD 
camera provides a temporal resolution of 200 ps and overall temporal resolution of 
the system is optimized at 750 ps.  A Hitachi S2700 SEM is used as the electron 
source with, an electrostatic beam blanker to generate a pulsed electron beam.  The 
photons were collected using a high collection efficiency semi-ellipsoidal mirror.  
Software was developed to automate the measurement system to acquire a CL 
spectrum by moving the gate over time to construct a decay profile.   
The spectral capability of the TRCL was added and calibrated by using standard lamp 
source.  The light collection system is optimized by aligning the semi-ellipsoidal 
mirror.  The complete system was tested for its performance specifications and the 
limits of the measurement system identified.  It is found that the electron gun, light 
collection mode, photon detector system and cryostat require modifications to further 
improve the performance to study carrier dynamics in ultra-fast optoelectronic 
materials.  The suggestions for improvements are discussed in details in Section 7.2. 
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7.1.2 GaAsP LED 
The performance of the newly-developed system was tested by performing a 
measurement on GaAsP LED.  A commercial LED was used as specimen to study the 
optical properties of the GaAsP material.  The luminescence properties of the GaAsP 
material are discussed to relate the TRCL results obtained from the experiments.  The 
enhancement on the spectral capability over the current static CL system was 
demonstrated by performing a simultaneous acquisition of the spectral information.  
This test shows that the new TRCL system can be used for static CL measurements 
with a better spectral resolution and reduced acquisition time over the current system.  
The minority carrier lifetime of the GaAsP material was determined and we also 
studied recombination mechanisms.  Surface recombination affects were studied by 
altering the primary electron beam pulse width.  It was found that the mechanisms 
during recombination at the surface and in the bulk are different and TRCL technique 
is a useful characterization technique in surface recombination study.  The usefulness 
of the TRCL technique in defect finger printing was also demonstrated by studying 
the decay behavior and the underlying recombination mechanisms at the defect site.  
Another unique feature of the TRCL system is to study the carrier recombination at 
various excitation conditions in nanometer scale.  Spectral TRCL measurements were 
performed to study the multiple recombination events taking place at different time 
intervals.  This proved to be useful technique to study the minority carrier 
recombination kinetics. 
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In chapter 5, the GaAsP LED is used to prove the overall TRCL system capability 
and demonstrate the system performance specifications.  
7.1.3 InGaN QD 
The Optical and structural properties of InGaN are reviewed and luminescence 
lifetime were studied by various characterization techniques such as PL, HRTEM, 
XRD and TRCL.  InGaN/GaN QDs were grown at different growth conditions such 
as indium pre-deposition prior to QD growth, TMIn flow rate and growth temperature 
to study the impact on the luminescence efficiency of the QDs.  The presence of TDs 
was studied and it was found that “V” defects originate from the TDs and vary in 
density, and size depending on the growth conditions.  Time-resolved CL 
measurements were performed at the “V” defect location, and confirmed that TDs act 
as non-radiative recombination centers.  This was confirmed by performing lifetime 
measurements along the “V” defect line.  The non-radiative recombination 
mechanism is predominant at the TD core.  Also the indium compositional 
homogeneity is affected by the “V” defect sidewalls.  The results confirm the 
luminescence emission intensity dependence on the “V” defect density and indium 
segregation due to the strain field.   
The optical and structural properties of the InGaN/GaN QDs due to indium 
compositional homogeneity were studied.  The indium surface segregation at the 
well/barrier interface was studied and the effect of interfacial abruptness on the 
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luminescence efficiency was also measured.  It was observed the InGaN QD growth 
temperature influences the interfacial abruptness very much and high temperature 
favors abrupt interfacial abruptness to increase the luminescence efficiency.  Even 
though a high density of indium rich QDs was observed at low growth temperature, 
luminescence efficiency is degraded due to defect sites at the well/barrier interface. 
The indium compositional homogeneity and formation of the indium rich QDs were 
studied.  It was observed that longer indium pre-deposition time and increased TMIn 
flow rate increases the QD density and indium compositional inhomogeneity.  The 
indium compositional inhomogeneity enables broad spectral emissions. Further, the 
results confirm that the long indium pre-deposition time and increased TMIn flow 
rate and higher growth temperature are required to grow QDs with higher 
luminescence efficiency with broad spectral emission. 
The intent of this work is to determine the optimal growth conditions to grow InGaN 
QDs with broad spectral emissions with high luminescence efficiency.  It was 
demonstrated that TRCL is a useful technique to study large bandgap optoelectronic 
materials and to determine the luminescence efficiency.   
7.2 SUGGESTIONS FOR FUTURE WORK 
Time-resolved Cathodoluminescence is a very useful characterization technique in 
probing carrier dynamics in nanostructures.  In this work, a novel TRCL system was 
developed with temporal resolution of 750 ps, spatial resolution of 100 nm and 
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spectral resolution of 0.1 nm. It has been demonstrated in this work that the newly 
demonstrated system with the above performance limits can be used to study 
optoelectronic devices and quantum dots.  However as the device size is continuously 
scaled down, nano-sized defects gain much attention and characterization techniques 
that can be used to detect and analyze such failures are very much required in modern 
material characterization studies.   
The optimum conditions for high spatial resolution CL measurement often needs low 
electron beam acceleration voltage and low electron beam currents.  The usefulness 
of the TRCL system in optoelectronic material characterization depends on its ability 
to probe the smallest possible area at nanometer scale with very short electron pulse, 
high spectral resolution, highly efficient light collection optics to detect the weak 
emissions in the order of few photons, and a sensitive, optical detection system with 
high temporal resolution.  The TRCL developed as part of this research needs 
improvement in various part of this system to achieve these requirements.  In this 
section, improvements are suggested and discussed. 
7.2.1 ELECTRON GUN 
The performance of the electron gun plays a vital role in overall performance of the 
time-resolved cathodoluminescence system.  High performance TRCL system needs a 
pulsed electron source with the following requirements 
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i. Electron pulses shorter than the CL decay time of the material under test.  The 
minority carrier lifetimes of novel semiconductor and optoelectronic materials are 
in the femtosecond range and hence electron pulse width in the order of 
picosecond or femtosecond range is essential to probe the carrier dynamics in 
such materials. 
ii. Electron pulse width and repetition rate shall be easily variable since different 
materials require different electron pulse width and repetition rate to establish a 
dynamic equilibrium of excess minority carriers 
iii. Energy of the electron shall not be altered by the sub-systems used to generate the 
electron pulse. 
The electron gun used in the newly developed TRCL system is based on a LaB6 
cathode and this generates a continuous stream of electrons.  Since the electron gun 
influences the spatial resolution of the system, it is important that the electron source 
is highly stable and controllable under continuous operation.  The electron beam from 
the gun is pulsed by a pair of capacitor plates that deflect the electrons due to 
electrostatic field created by the applied high voltage blanking pulse.  The electron 
beam blanking based on the deflection of the beam across the aperture by the 
electrostatic field by the capacitor plates is shown in Fig 7.1 
A high voltage blV is applied across the two parallel plates of the blanking system 
through which the electron beam passes before the fixed aperture.  The applied 
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voltage to the blanking plates deflects the electron trajectory at the mid plane of the 









tan θθ       (7.1) 
where blV is the blanking voltage, l is the blanking plate length, accV is the electron 
beam acceleration voltage, w is the distance between the two blanking plates, L is the 
distance between the midpoint of the blanking plate and the aperture and X is the 
deflection at the aperture plane. 
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The deflection sensitivity DS is defined as the reciprocal of the minimum deflection 
voltage required to deflect the electrons away from the electron axis to cut off the 
electron beam.  The deflection sensitivity S is given by  
bl
D V
S 1=        (7.2) 





=       (7.3) 
Therefore deflection sensitivity strongly depends on the electron beam acceleration 
voltage and the geometrical arrangement of the blanking system. A very high voltage 
blanking pulse is required for electrons with high acceleration voltage.  The blanking 
pulse rise time, fall time and the amplitude determines the electron pulse width.  The 
blanking system also limits the spatial resolution of the system due to the degradation 
of the electron beam spot size. 
An alternative electron gun assembly is suggested to overcome the limitations of the 
conventional thermionic emission filament with electrostatic beam blanking unit in 
the TRCL system [190].  An optically driven electron gun is proposed to replace the 
existing electron gun assembly and the beam blanking unit.  The optically driven 
electron gun is based on the photocathodes excited by the laser which generates a 
stream of electrons with a pulse width in the range of few hundreds of femtoseconds 
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at high acceleration voltage without any degradation to the spatial resolution of the 
system.  The details of the gun assembly are shown in Fig 7.2.   
 
Fig 7.2 Proposed electron beam blanking unit 
The photocathode consists of a thick (300 mµ ) silica or quartz window on which gold 
is deposited to a thickness of 20 nm.  The photocathode is excited in transmission 
mode by an ultraviolet (UV) mode locked laser through the silica/quartz window to 
generate a pulsed electron beam.  The pulse width, rise and fall time of the electron 
beam depends on the pulse width and repetition rate of the laser source.  A laser pulse 
at 266 nm of duration less than 2 ps and repetition rate of 100 MHz excites the 
photocathode to generate a pulsed electron beam with the same duration and 
repetition rate as the laser pulses with a photoelectron yield of 0.5 X 10-5[191].  It has 
been reported that for a spot size of the laser pulse at the photocathode of 4 mµ  and 
assuming a semi angle of divergence for the electron beam as 3 X 10-3, the peak 
brightness of the photocathode is 3 X 108 A/cm2sr at a electron beam acceleration 
Anode 
Objective lens UV Pulse 266 nm 
Photo cathode 
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voltage of 1.8 keV [192].  This superior performance of the electron gun at low 
vacuum conditions is an ideal electron source for the picosecond time-resolved 
cathodoluminescence measurement system.  An extraction anode is used at a small 
distance (2 mm) from the cathode to extract the photoelectrons generated from the 
photocathode.  The potential difference between the photocathode and anode is 
maintained between -2 keV and -30 keV.  The small spot size on the photocathode 
eliminates the need for Wehnelt electrode and it can be used directly with the electron 
optics.  The photocurrent can be increased considerably by using a urea doubling 
crystal and results show the photocurrent is tripled [193].   
Gold cathodes are robust and show no deterioration of efficiency through exposure to 
atmosphere.  This allows the vacuum requirements to be relaxed and hence the 
chamber pressure to only 10-5 Torr.  The important parameter that influences the 
spatial resolution of the cathodoluminescence system is the axial brightness [194].  
Only the electrons leaving the center of the cross-over with a small emission angle are 
relevant for the brightness.  Though the number of photoelectrons per pulse is 
reduced by this technique, the probe current is largely sufficient for a CL study since 
the electrons accelerated at higher voltage may generate few thousand electron-hole 
pairs. 
Thus a new electron gun assembly will improve the performance of the pulsed 
electron beam which is vital for picosecond time-resolved cathodoluminescence 
study. 
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7.2.2 NEAR FIELD TIME RESOLVED 
CATHODOLUMINESCENCE 
The other limiting factor of the newly developed TRCL system is the semi ellipsoidal 
mirror based light collection system whose resolution is limited by the lateral 
dimension of the excitation volume which depends on the material and primary 
electron beam energy.  There has been research works that demonstrated resolution of 
the collection system beyond the diffraction limit while operating in the near field 
regime [195].  In near field, the small dielectric tip of the probe converts the local 
field into propagating waves which are collected in the far field.  A hybrid system that 
combines the scanning probe microscopy (SPM), scanning near field optical 
microscopy (SNOM) and scanning electron microscopy is proposed to improve the 
resolution of the CL system. In this technique, the specimen is excited the electron 
beam and the photons are collected by the SNOM probe in near field. The proposed 
hybrid system is referred to as scanning near field time-resolved 
cathodoluminescence system (SNTRCL) and shown in Fig 7.3 [196]. 
The proposed SPM system consists of a cantilever probe with pyramidal tip.  The 
cantilever can be made from Si3N4 to use as near field probes.   The Cantilever is 
attached with X-Y-Z scanning system; usually a piezoelectric is used to control the 
movement of the probe over the specimen.  The X-Y-Z scanner can also be attached 
to the specimen stage as an alternative design.  The tip is deflected when it is brought 
into close proximity of the specimen surface due to the forces between the tip and 
specimen.  The deflection is measured using a laser spot reflected from the top 
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surface of the cantilever. Laser light reflected from the cantilever is collected by a 
position sensitive detector whose output is proportional to the deflection of the 
cantilever.  The topographical image is constructed based on the signal produced by 
the tip-specimen interaction.  The entire image is generated by evaluating the probe 
position and evaluating the data obtained from the feedback system. The control 
system also controls the scanning of the tip and the separation of the tip from the 
specimen surface. 
 
Fig 7.3 Proposed hybrid SNTRCL system [196] 
In order to collect the near field CL signals from the specimen, some of SNOM 
features are added to the SPM functionality.  SNOM is operated in collection mode 









SEM XYZ stage 
Anode 




Chapter 7 Conclusion and Suggestions for Future Work 
_____________________________________________________________________ 
 
  220 
and the probe is used to collect the light from the specimen from the surface.  The 
distance between the probe tip and specimen surface is controlled by a shear force 
feedback mechanism in which the tip is mounted to a tuning fork which is oscillated 
at its resonance frequency.  The amplitude of this oscillation is strongly dependent on 
the tip-surface distance and this can used as feedback.   An optical fiber is fixed to the 
cantilever holder and placed on top of the tip to collect the light diffracted by the tip.  
The pyramidal tip can be made hollow to make the walls of the pyramid guide the 
photons to be collected [197].  The photons that are diffracted by the tip inside the 
acceptance angle of the fiber are collected and detected by the detection system. The 
proposed hybrid system will improve the spatial resolution of the CL imaging 
capability and also the collection efficiency of the TRCL system which is essential 
for characterization of nano structures with weak emissions. 
7.2.3 PHOTON DETECTOR 
The Photon detector is the heart of the light detection system that determines the 
temporal resolution of the TRCL system.  A gated ICCD camera is used as a photon 
detector in the TRCL system developed as part of this research.  The time resolution 
of the gated ICCD camera is 200 ps and photon detector with time resolution of few 
picoseconds is required to study the carrier dynamics in newer generation of 
optoelectronic and semiconductor materials such as arsenides, nitrides etc.  Streak 
camera can be used as photon detector since there are commercial streak cameras 
with 500 fs time resolution available today.  The principle of streak technique is 
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explained in Section 3.3.2.  Streak camera Synchroscan FESCA-200 from 
Hamamatsu Photonics can be used to achieve high spectral sensitivity and temporal 
resolution.  The Streak camera has a temporal resolution of 200fs with a spectral 
response 280 to 850 nm.  The photocathode is based on S20 and spectral sensitivity 
can be found from the spectral response characteristics (Fig 4.6).  A readout system is 
used to read out the images from the camera and analyze the streak data that includes 
photon counting.  The Streak Camera can be mounted directly to the Spectrograph in 
the TRCL measurement system developed in this work. The proposed streak camera 
has higher spectral sensitivity with a temporal resolution of 1 ps. 
7.2.4 LOW TEMPERATURE MEASUREMENTS 
A liquid helium stage is required to study the CL emission spectra from group III-V 
alloys that cannot be seen at higher temperatures. The importance of low temperature 
study can be attributed to the increased luminescence efficiency of the optoelectronic 
materials at lower temperature.  Hence higher intensity of CL emissions can be 
obtained for the same primary electron beam excitation energy.  This results in 
improvement in spectral resolution of the system and also allows us to study weak 
emissions.  An important application of the low temperature CL measurement is to 
resolve the large number of line spectra that can be interpreted in fundamental atomic, 
quantum mechanical terms and relate to the respective theories.  
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The above application at low temperature necessitates the need for liquid helium 
system. Liquid helium stages can be developed and attached to the CL measurement 
system.  While developing a helium stage, some of the important considerations such 
as provision of an airlock system for quick change of the specimen, eliminating 
vibration, and designing a simple way of circulating the helium from the storage 
vessel to the specimen need to be made to improve performance. A side entry cold 
stage is a best fit for Hitachi S2700 SEM and also has two significant advantages. i.e. 
easy to install and operate and does not impair any microscopy operations.   The 
specimen holder and liquid helium reservoir design is very important for proper 
operation of the cold stage. This ensures the stage is easy to use and reaches a very 
low temperature within short time. It has been demonstrated that a cold stage can 
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APPENDIX A 
SEMI-ELLIPSOIDAL MIRROR 







e −=        (A.1) 
where a is the major semi-axis of the ellipse andb is the minor semi-axis of the 
ellipse.  The mirror has two focal points F1 and F2 as shown in Fig A.1(a) [130].  The 
specimen is placed at focal point F1 by aligning this focal point with the column of 
the SEM and the light guide is placed at focal point F2.  All the CL emissions from 
the specimen at focal point F1 are reflected to the focal point F2. The collection 
efficiency of the semi-ellipsoidal mirror is determined by the emission angle as 
shown in Fig A.1(c) and the larger the angle, the higher the collection efficiency.  
Also the arrival angle at F2 as shown in Fig A.1(b) is to match the light guide for 
better coupling with the light guide.   The arrival angle at F2 depends on the emission 
angle at F1 and the mirror ellipticity.  The ellipsoidal mirror used in this time-
resolved CL system has a small arrival angle and it is thus possible to mount the light 
guide horizontally with the longer axis of the ellipse co-linear with two focal points 




  224 
areas of the specimen and this can be further increased by increasing the distance 
between two focal points.     
 
   Fig A.1 Semi-ellipsoidal mirror configuration 
The major semi axis of the mirror is identified by the length “a’ along axis X and the 
minor semi axis of the mirror is identified by the length “b” along axes Y and Z in 3D 














      (A.2) 
 For a high ellipticity, with fixed height of the mirror “b”, a separation distance “2a” 
between two focal points F1 and F2 is required.  The important design consideration 
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working distance for SEM analysis can be achieved for better spatial resolution.  Also 
the coupling between the light guide and mirror is increased due to horizontal 
placement of the mirror.  The maximum collection efficiency achievable with this 
design at proper focus is greater than 85%. 
The mirror is fabricated from a low atomic number material, which reduces BSE 
effects to a negligible.   Materials of atomic number less than 18 are preferred which 
absorbs the BSEs and reduce the stray CL signals produced by BSEs.  The BSE 
rejection efficiency of better than 90% is achieved by using a plastic material such as 
polymethyl-methacrylate [130]. 
The efficiency of the optical coupling depends on the effective convergence of light 
rays from the semi ellipsoidal mirror to a small cone with an angle defined as the 
acceptance angle.  Light rays outside this cone are not collected and affect the 
collection efficiency.  In this design, the light collector is coupled to light guide with 
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APPENDIX B 
ICCD CAMERA OPERATION 
i. Surveillance camera: In this mode of operation, the shutter is controlled 
internally and triggered by the TTL pulse (FSync) synchronized the to internal CCD 
video unit scan signal.  The system configuration is shown in Fig B.1.  This signal is 
approximately 1 ms high at the beginning of each video field as shown in Fig B.3(a).  
The falling edge of FSync signal triggers the programmable gate logic circuit which is 
set with the gate time and gate delay.  The gate is active only once in each field, in 
other words CCD unit integrates two exposures in one frame.  The busy signal is kept 
high from the time gate is triggered till the gate opens and closes again.  The busy 
signal is an output from the ICCD camera which can be used in conjunction with a 
frame grabber to transfer the CCD frame to the personal computer.  The timing 
diagram shown in Fig B.3(a) explains the gate operation in this mode of operation.
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ii. Direct trigger mode:  In this mode of operation, the shutter is controlled 
internally and triggered by an external trigger falling edge (-Trig) or rising edge 
(+Trig).  The system configuration is shown in Fig B.2. The camera operates in free 
running mode and CCD unit integrates as many exposures as the programmable gate 
logic circuit is triggered by the external trigger in one single frame. For example if the 
camera is powered by 230 VAC, 50 Hz supply, then the frame time of the TTL pulse 
(FSync) is 40 ms and external trigger is 200 kHZ, then the CCD integrate 8000 
exposures in one frame.  The camera is also programmed to capture only the first 
exposure or definite number of exposures (1-127) in one field/frame when the (FSync) 
is active.  This is achieved by setting the number of triggers per field/frame in the 
4Picos software under “Singl.T” option in “Trigger” mode as shown in Fig B.4.  This 
is possible only when the external trigger frequency is greater than the FSync pulse 
frequency (50 Hz).  The timing diagram shown in Fig B.3(b) explains the gate 
operation in this mode of operation. 
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iii. ICCD Camera as a master: In this mode of operation, the trigger signal is 
derived from FSync signal for the experiment.  An external counter divider is used to 
derive a trigger at a slower repetition rate.  The same trigger is used as a master 
trigger for the overall experiment to synchronize the operation.  This mode of 
operation is not used in this work and hence further details are not discussed. 
iv. External trigger mode:  In this mode of operation, an external TTL pulse is 
used to control the gate operation.  The gate time and delay time are determined by 
the external TTL pulse and multiplier exposures can be integrated into a long 
integrated frame (more than 40 ms) by using the internal programmable gate logic 
circuit.   In this case, gate open time set in 4Picos software will be taken as CCD 
integration time and it can be as long as 80 s.  Again this mode of operation is not 
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The parameters such as gate time, gate delay, gate control, and trigger source are set 
in 4Picos software, a template of which is shown in Fig B.4.  The internal CCD video 
unit can be operated in two scan modes, field and frame mode.  In this work, the 
camera is always operated in frame mode in connection with a frame grabber.  The 
other parameters such as “Video acquisition” is selected as “Standard”, “Frame 
Grabber” as “None”, “Sync Output” as “Vertical” as default values throughout this 
work.  The parameters which determine the CCD performance such as “Gamma” was 
set to “1”, “Video Gain” to “Fixed 18 dB” always.  The MCP gain was adjusted 
according the strength of the CL emissions.  
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APPENDIX C 
DATA ACQUISITION SYSTEM 
The template of 4Spec software is shown in Fig C.1.  The “Decs” script is run from 
the Windows command prompt and supplied with an input file consists of delay and 
gate times in a two dimensional array separated by a comma.  The “Decs” script loads 
the delay and gate time after every exposure acquired in the 4Spec software.  The 
sample input file is a text file and a sample is shown in Fig C.2. 
 




  232 
 
Fig C.2 Sample input file containing delay and gate times for 
automatic data acquisition 
The automation of the TRCL data acquisition is explained with the help of the flow 
chart in Fig C.3.  There are various processes (1-7) involved in acquiring a TRCL data 
automatically as shown in Fig C.3.  The process starts with setting up the SEM to 
acquire a high resolution SE image.  This process also includes setting up the CL 
collector and alignment which is further discussed in the next section.  Lastly, the 
electron beam is positioned in point mode on the location of the sample, which is of 
interest.  A line spectrum is obtained at this location to determine the peak 
wavelengths.  The spectrograph centre wavelength is set according the spectral range 
to be studied. 
After setting up the SEM, process (2) explains the procedure to setup the ICCD 
camera with the help of the configuration software 4Picos.exe.  This software helps to 
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mode, gain, units for time scale (this unit will be used for the data from the input file 
for automatic data acquisition) etc. 
Process (3) explains the procedure for setting up the frame grabber for data acquisition 
with the help 4Spec.exe software.  In this step, the image readout specifications such 
as pixel details, scan sequence such as number of frames integration, axes definition, 
curve definition etc are set.  All the parameters can be configured by loading a 
preconfigured file to minimize the configuration time.  A background image is 
acquired with entrance to the camera closed to get the black noise of the ICCD. The 
background image is saved in the 4Spec software and “Automatic background 
subtraction” feature in 4Spec.exe software is used to offset the black noise during 
TRCL measurement.  The calibration data is also loaded in this step according to the 
centre wavelength set in the spectrograph. 
Once the ICCD camera and frame grabber is configured as per the process (2) and (3), 
the next step is power up the beam blanker to modulate the electron beam excitation.  
The optical light guide from the CL collector is also connected to the inlet of the 
spectrograph.  An input file for automatic data acquisition consisting of various gate 
delays and gate time is also prepared.  Upon running the “Decs” script, the input file is 
supplied to start the automatic data acquisition. 
The first data set of gate delay and gate time is loaded in 4Picos.exe and an image is 
produced in the 4Spec.exe after integration of as many frames as defined.  Upon 
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This curve is related to the first time data set in the input file. Then the second data set 
of gate delay and gate time is loaded in 4Picos.exe and process continues.  This will 
continue until the last data set in the input file and as many curves as the number of 
data set defined in the input file are generated. 
The Intensity vs. Time plot can be generated by an integrals function in 4Spec.exe 
software by selecting the curves from the data set which are of interest.  It is also 
possible to select the spectral range of a curve for which the time integral has to be 
created.  In this way, the software is capable of producing a 3D CL data set.  The raw 
data and the time integral data can also be exported to a spreadsheet for further 
analysis. 
Time-resolved data acquisition is typically a time consuming process due to 
integration of multiplier exposures and frames in studying weak emissions.  Manual 
data acquisition process is prone to errors and repetitive experiments.  Automation of 
the data acquisition in such iterative experiments really helps to eliminate 
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Fig C.3 TRCL data acquisition Flowchart (contd.) 
Start  
1. Load sample into SEM specimen chamber 
2. Obtain high resolution SE image 
3. Move in the CL light collector 
4. Align the CL light collector with the 
electron beam 
5. Swtich the electron beam scan mode to 
point mode 
6. Position the electron beam on the sample 
7. Set the spectrograph centre wavelength 
1. Connect the 4Picos ICCD camera 
according to the mode of operation 
2. Powerup the ICCD camera 
3. Run the 4Picos.exe software and set all the 
camera parameters for optimal detection 
1. Run the 4Spec.exe software 
2. Load the image readout, scan sequence 
defaults into 4Spec.exe software 
3. Close the inlet to the camera and acquire a 
background image 
4. Enable autobackground  subtraction 
5. Load the calibration data according to the 
spectrograph centre wavelength 
1. Connect the optical light guide to the 
spectrograph 
2. Powerup the beam blanker 
3. Create a text file for delay time and gate 
time in this format ( ),,..., 11 sndnsd tttt ) 
4. Run the decs.exe script and point the above 
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Fig C.3 TRCL data acquisition Flowchart 
Yes 
No 
1. Select the spectral range in 4Spec.exe 
software for which Intensity Vs time plot 
is required 
2. Make a Intensity Vs time plot from 
4Spec.exe software, selecting the various 
spectra obtained from different time 
intervals 
3. Export the raw data further analysis. 
1. Load 1st set of delay and gate times into 
4Picos.exe software 
2. Obtain an integrated image and respective 
spectrum in 4Spec.exe software 
3. Load next set of delay and gate times into 
4Picos.exe software 
Is current set of 
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